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Foreword 


OLUME 38 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1936 under 
the sponsorship of the Society's professional divisions and technical committees, 
including the contributions of the Applied Mechanics Division issued origi- 
nally in a quarterly known as Journal of Applied Mechanics, and the 1936 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and of its professional divi- 
sions and local sections, and were published in monthly issues, eight being 
distributed as the Transactions of The American Society of Mechanical Engi- 
neers and four as the Journal of Applied Mechanics. Other papers published 
by the Society but not included in this volume may be located by means of the 
Index on page RI-95 at the end of the volume. 

Because of the fact that material of which this volume is composed was origi- 
nally issued periodically as Transactions, Journal of Applied Mechanics, and 
Society Records, three sets of page numbers will be found. Numbers without 
letter svmbols are those of the eight issues of the Transactions, those with 
letter symbol A preceding the number refer to the pages of the Journal of 
Applied Mechanics, which follow, and those with letter symbol RI to the 
Society Records section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year for 
the convenience of libraries and of engineers who wish all of the papers in per- 
manent form. Copies of the bound Transactions will be found in depositories 
located in selected engineering, university, and public libraries throughout the 
world. A complete list of these depositories will be found on pages RI-91 to 
RI-94 of the Society Records and Index. Copies of the bound Transactions 
have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1936, which form a part of these 
Transactions, are the permanent records of the Society's activities for the year. 
They include lists of committees, annual reports of the Council and all Society 
Committees, and memorial notices of deceased members. The Index provides 
a means of locating special A.S.M.E. publications, and articles in Mechanical 
Engineering, as well as those in the Transactions. 
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Engineering Problems in Aircraft Operation 


at High Altitudes 


By R. E. JOHNSON! ano R. F. GAGG,? PATERSON, N. J. 


The authors review the capabilities of the typical modern 
airplane for high-altitude operation and present the re- 
strictions of the power plant of the modern airplane which 
prevent it from delivering its normal output at high alti- 
tudes. The paper also discusses the improvements in the 
aerodynamic characteristics of the airplane as well as 
changes in the power-plant design and the progress 
achieved in cruising operation at high altitudes within the 
limitations imposed by passenger comfort and safety. The 
authors evaluate further possible gains which may result 
from an extension of this trend, and examine the engineer- 
ing problems involved in both the airplane and the engine. 


HE striking changes in aircraft performance obtained in 

the past five years have resulted from material improve- 

ments in aerodynamic characteristics, as well as from 
changes in the power plant. Previously, the latter factor ap- 
peared to be nearly the sole means used for improving perform- 
ance, and the results were rather disappointing, as would be 
expected from consideration of the simple mathematical rela- 
tions between speed and power. The quest for increased speed 
in commercial air transport has turned from a consideration of 
increased power and improved aerodynamic qualities to a study 
of the advantages obtainable by extending the cruising opera- 
tion to higher altitudes. Substantial progress ‘:as already been 
achieved in this manner within the limitations imposed by passen- 
ger comfort and safety in present types of equipment, and it now 
seems in order to evaluate further possible gains which may re- 
sult from an extension of this trend, and to examine the engineer- 
ing problems involved in both the airplane and the engine. 

The typical modern airplane is capable of normal flight opera- 
tion at altitudes far higher than any now utilized if a suitable 
power plant were available which could deliver its normal power 
output at any altitude. Since the restriction of primary im- 
portance is in the power plant, that problem is considered before 
counting the gains which might be realized without this limita- 
tion. 


ENGINE PERFORMANCE RATINGS 


Three kinds of ratings are required for engines intended for 
service in high-altitude aircraft. These are (1) take-off rating, 
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cepted until March 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those of 
the Society. 


based on the maximum permissible power output for short 
periods at low altitudes; (2) maximum power for protracted 
periods, which power is to be used to reach destination in event 
of failure of one or more power-plant units and not for normal 
operation for long periods; and (3) cruising rating, which rating 
requires maximum power for continuous normal operation. 

In order to provide a quick and safe take-off, it is desirable that 
the take-off rating be 150 per cent of the cruising rating. This 
large margin of reserve power will enable the airplane to oper- 
ate from small airports, and also provides a factor of safety for 
emergencies. The intermediate rating, termed the maximum 
power for protracted periods, is not normally required in airline 
service, and is used only in case of a continuing need for a maxi- 
mum of power consistent with safe operation, such as the fail- 
ure of one unit in a multiengined airplane. This high-power 
rating obviously is required only at altitudes where some high 
land may be encountered in the flight path. The cruising rating 
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and the limiting height at which that power can be maintained 
are the most important measures of the usefulness of an engine 
for high-altitude operation. When used in the same kind of air- 
plane, the same speed will be obtained with a 500-hp engine at 
12,000 ft altitude or an engine giving 330 hp at 35,000 ft. In 
terms which have a greater appeal for the American operator, 
if the 500 hp were maintained to 35,000 ft the speed would increase 
by about 23 per cent. These relations are illustrated in Fig. 1 
for a modern transport airplane. Without considering other im- 
portant factors, it would, therefore, appear that unlimited upward 
extension of the altitude limitation of cruising power would be 
desirable. Notable progress has been achieved in this direction 
as the related problems of durability and power output, super- 
charging, combustion. control and cooling, and fuel consump- 
tion have gradually been disposed in harmonious balance. Fig. 
2 shows changes in the ratings of a typical American engine re- 
sulting from assiduous demands for greater power output and in- 
creased altitude performance with improved durability. A brief 
examination of current limitations on further progress will indi- 
cate what may reasonably be expected from the engine in the 
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near future and thus establish the field immediately to be con- 
sidered for high-altitude flight. 

Assuming that the engine design is properly proportioned with 
respect to strength, heat flow, and lubrication, its cruising rating 
will be established in practice at the highest level which will 
permit operation without major failures in a period of 350 to 400 
hours between overhauls. In other places it is sometimes the 
practice to operate at a lower output and stretch the overhaul 
period, but this is scarcely to be expected in American operations. 
Types of engines now available are capable of cruising ratings of 
0.25 to 0.33 hp per cu in. of displacement, and the upper value is 
likely to change but slowly for a considerable period unless radical 
departures in engine design are encountered. 


ENGINE SUPERCHARGING 


With a supercharger of the centrifugal-compressor type driven 
from the engine crankshaft at a fixed gear ratio, it is feasible to 
maintain the cruising power rating up to about 14,000 ft altitude 
and still obtain acceptable take-off performance with present 
types of fuel. This range can be somewhat extended with the 
aid of an intercooler, though the additional drag, weight, and 
complication do not appear to justify its use. The limitation of 
the single-stage supercharger just mentioned is encountered at 
sea level at the take-off condition. The liberal use of fuel cool- 
ing and tetraethyl lead in the fuel during take-off has consider- 
ably extended the useful range of this type of supercharging, but 
even with benefit of much improved cooling practice and better 
fuel it is apparent that the difficulties encountered under take-off 
conditions will place a relat. vely low limit on its utility for high- 
altitude aircraft. 

A second geared centrifugal compressor used only at high 
altitudes to supplement a primary unit of the type just discussed 
has been used successfully to obtain additional altitude perform- 
ance with conventional engines. This type of unit has all of the 
advantages of the single-stage unit at low altitudes plus the 
ability to maintain the cruising rating to about 25,000 ft altitude 
without the use of an intercooler. This improvement in perform- 
ance can be obtained without material increase in the airplane 
drag, though it does require a somewhat higher specific fuel con- 
sumption due to the increased power absorbed by the super- 
charger. 

Many of the advantages of both the dual-compressor unit and 
the integral, single-stage supercharger can be realized by the 
incorporation of a two-speed transmission with suitable clutch- 
ing in the gear drive for the integral-type of centrifugal super- 
charger. Such an arrangement permits optimum sea-level per- 
formance for take-off, and by changing the speed of the super- 
charger impeller, gives adequate supercharging for high-altitude 
cruising. 

The second or high gear ratio may be chosen so that the super- 
charger compression ratio is the maximum that can be used with 
the engine and fuel selected without encountering detonation 
in cruising. Assuming the same compressor efficiency in each 
case, the altitude limitations of the two-stage compressor and the 
two-speed single-stage compressor are, therefore, identical with- 
out intercooling, and the latter refinement scarcely seems war- 
ranted in the face of the high penalties which its use imposes. 
For the ultimate maximum in degree of supercharging, two-stage 
compression with an intercooler may prove to be necessary, but 
until the means otherwise available have been exhausted this 
complication should be avoided. 

The combination of one supercharger stage gear-driven from 
the crankshaft, and another stage driven by an exhaust-gas tur- 
bine may be compared fairly to the two-stage gear-driven com- 
bination. The low-altitude performance ratings may be obtained 
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by the use of the gear-driven supercharger only, exactly as in the 
cases previously considered, and the turbine unit may be used at 
high altitudes to maintain the cruising-power output. Due to the 
fact that the turbine speed, and hence the supercharger com- 
pression ratio, is subject to control, the required power may be 
obtained at intermediate altitudes with a little lower charge tem- 
perature than that obtained with the two-stage gear-drive 
unit. 

It seems probable that the combination gear and turbine- 
driven two-stage supercharger will give excellent performance at 
very high altitudes, but the complication of the dual-type in- 
stallation plus the practical problem presented by an exhaust 
manifold operating at an unusually high temperature and pres- 
sure are obstacles which may block its progress. Moreover, there 
is no conclusive evidence to prove that the results obtained with- 
out intercooling cannot be matched by a two-stage geared super- 
charger. These handicaps appear to preclude its wide adoption 
in the immediate future. 

The exclusive use of an exhaust-turbine drive for the super- 
charger at all altitudes does not appear to be particularly attrac- 
tive because of the difficulty of obtaining a very high output for 
take-off at sea level without encountering prohibitive tempera- 
ture and pressure in the exhaust system and cylinders. 

It is unfortunate that necessary experimental data are not avail- 
able as a basis for completely evaluating the merits of the turbo- 
supercharger. However, it seems probable that this type, 
when used with adequate intercooling, will produce the highest 
power output at altitudes above 30,000 ft. 

For the near future, it therefore appears to be feasible to employ 
either two-stage compression or a two-speed supercharger drive 
which will permit attainment of adequate power ratings for take- 
off and emergency service at low altitudes with the lower of the 
two degrees of supercharging, and to maintain the cruising-power 
rating only to about 25,000 ft altitude with the other combina- 
tion. Such an engine requires the use of a propeller that is com- 
pletely-controllable and a governing mechanism to maintain the 
engine-operating speed at suitable values. With this arrange- 
ment the maximum airplane-cruising speed will be obtained at 
25,000 ft and the speed at 35,000 ft altitude will be about 94 per 
cent of the maximum. ‘This range would normally be used for 
cruising operation, and if circumstances require low-altitude 
running, the engine will be well adapted for operation at the same 
cruising rating near sea level. 

Consideration of the numerous variables which need to be 
controlled under the wide range of operating conditions indicates 
that unless intercooling is necessary to obtain the required out- 
put, the optimum of performance can only be realized through 
use of a variable-compression supercharger with complete control 
of its operation in flight. 


SaTisFacTorRY ATTAINED WiTH SuPERCHARGING 


An improved comprehension of the means for controlling com- 
bustion and cooling in aircraft-engine practice has effected an 
increase in the performance attainable with a given fuel both at 
sea level and higher altitudes, as is shown by the curves of Fig. 2 
for the period 1930 to 1935. Modern engines generally operate at 
temperatures equal to or lower than those commonly experienced 
in 1930 in spite of higher specific power output. It is interesting 
to note that expected difficulties with the cooling of supercharged 
engines in general have not been realized in practice, except in 
cases where abnormally low air speeds were encountered, as in 
high power output at very low airplane speeds. Normal air- 
line operation fortunately does not require this low-velocity climb- 
ing, and, as previously mentioned, the cruising-power rating is the 
maximum required at high altitudes. 
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AERONAUTICAL ENGINEERING 


ConsumPTION A CRITICAL PROBLEM 


Since high-altitude flight is obviously not particularly ad- 
vantageous for short distances between stops, the total propulsion 
weight is a matter of vital importance. This weight com- 
prises that of the propeller, engine, cooling apparatus, installa- 
tion, fuel, and oil. All items except fuel and oil in the tabulation 
are, in general, determined by necessities of the required power 
output and durability. The fuel consumption at the cruising- 
power rating is the dominant variable in the propulsion-weight 
figure for a flight of more than four or five hours. Actual realiza- 
tion of specific fuel-consumption values of 0.42 to 0.45 lb per 
bhp-hr under normal cruising conditions is practicable with 
present engines and fuels where combustion control, heat dissipa- 
tion, and operating technique are properly coordinated. These 
figures are obtainable with an overall mechanical efficiency of 
about 88 per cent. With the same fuel-air ratio, making appro- 
priate correction for the increase in power input to the super- 
charger, the same engine when supercharged to give the cruis- 
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Fig. 2. CHANGES IN RATING oF A TypIcaL AIRPLANE ENGINE 


ing rating at 25,000 ft altitude will give a minimum specific fuel 
consumption of 0.48 to 0.51 lb per bhp-hr. This severe penalty 
in higher minimum specific fuel consumption to attain good per- 
formance at high altitudes greatly restricts the field of usefulness 
of this type of engine and will result in a compromise in the selec- 
tion of the operating altitude for a contemplated route schedule. 
However, even the values just quoted are not higher than the 
average experience of air-line operators with present methods of 
control. In order to realize the minimum of fuel consumption it 
is necessary to install precise control apparatus and to exercise 
meticulous supervision. Even though the fuel consumption 
while cruising warrants the most precise control, to use lean-mix- 
ture ratios for take-off and other high-power operation is falla- 
cious. The richest mixture which can be employed without loss 
of power should be used for the take-off in order to provide a 
maximum factor of safety against unforeseen contingencies. 
In any case, the amount of fuel wasted by this procedure is in- 
significant for a long flight. 

If fuels of improved knock rating become generally available, 
it will be possible to increase the compression ratios now gener- 
ally used and thus improve both the power output and the 
specific fuel consumption. This practice will almost certainly 
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introduce a whole new series of operating durability problems. 
However, a decrease of 10 per cent in minimum attainable fuel 
consumption for cruising is worth a major effort because of the 
resulting large increase in pay load or range. 

There are undoubtedly many operating difficulties now un- 
foreseen which will be encountered when aircraft engines begin 
routine service at high altitudes. The ignition system and the 
fuel-supply problem may prove troublesome, but it is unlikely 
that these, or similar difficulties will be insurmountable. Power 
plants suitable for cruising operation at 25,000 ft to 35,000 ft 
altitude appear to be feasible with fuel of 87 octane number and 
a conventional type of engine within a period of two or three 
years, but the specific fuel consumption will be relatively high 
because of the power consumed by the supercharger. 


True Savep By HicH-ALTITUDE CRUISING 

Having thus broadly outlined the limitations established by 
the power plant for high-altitude aircraft of the near future, an 
estimate may be made of what changes in useful performance may 
be realized within these boundaries. It will be noted that the 
feasible modifications in the power plant previously mentioned 
do not involve any direct increase in drag, but only an increase 
in size and weight of auxiliary equipment, which probably can be 
accommodated within the space available in an air-line trans- 
port airplane. It is reasonable, therefore, to compute the changes 
in performance from available data on the assumption that the 
basic flight characteristics of a transport airplane of modern type 
will not be altered materially by the installation of an advanced 
type of supercharged engine. 

The increase in cruising speed of a transport airplane equipped 
with engines which will maintain constant cruising-power output 
to 25,000 ft is shown in Fig. 1. It will be noted that this in- 
crease in level cruising speed at 25,000 ft over that of the same 
airplane operating at 10,000 ft is 13 per cent. This increase will 
not vary greatly for any modern type of airplane with conven- 
tional wing loading. In determining the practical utility of the 
high-altitude airplane, the apparent increase in performance re- 
sulting from high-altitude cruising must be tempered by con- 
sideration of the trip length and schedule speed, rather than level 
cruising speed alone. 

In order to obtain the reduction in station-to-station time 
possible by cruising at altitudes higher than 10,000 ft, it is neces- 
sary to have certain basic performance data for the airplane, 
similar to that shown in Fig. 3, for the engine-operating tech- 
nique normally employed. For the purpose of this analysis, 
the following assumptions have been made to obtain the com- 
parative station-to-station time or speed: 

(1) A five-minute interval has been allowed for maneuvering 
the airplane at each end of the trip. This total of ten minutes 
maneuvering time has been found by experience with modern 
transport operation to be a necessary part of the schedule for any 
flight. 

(2) All climbs are made with a constant-thrust horsepower 
which is 10 per cent higher than the normal cruising power. It 
has been assumed that the engine will be capable of supplying 
this power to at least 25,000 ft altitude. The rate of climb is 
determined in the usual manner from the power required and 
power available curves for the airplane being considered. It has 
also been assumed that all climbs will be made at constant indi- 
cated air speed. 

(3) All level cruising will be done at the established cruising- 
power rating for the engine. 

(4) All glides will be made at constant rate of descent, using 
the rated cruising power. 

Fig. 3 shows performance data for a typical modern trans- 
port airplane operating as outlined above. From these data, the 
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station-to-station time or speed may be calculated for any trip 
length and for any assumed cruising altitude. Fig. 4 shows the 
results of these calculations for 10,000, 25,000, and 35,000 ft cruis- 
ing altitudes. Inspection of these curves will give the time saving 
in minutes which may be expected for any trip length for the air- 
plane which cruises at 25,000 ft compared to the same airplane 
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cruising at 10,000 ft with the same horsepower. This represents 
the real advantage in schedule-time reduction available to the 
airline operator. 

Fig. 5 shows this time saving in minutes for any trip length for 
the particular airplane being considered, and also the percentage 
of schedule-time reduction possible for the 25,000 ft cruising over 
the 10,000 ft operation which may be realized approximately in 
any airplane operating under similar conditions. 

If these data are interpreted in terms of a typical transcon- 
tinental air-line schedule, it may be expected that this airplane, 
cruising at 25,000 ft will be able to make the trip without 
stopping in about 80 min (9.5 per cent) less time than the same 
airplane flying at 10,000 ft with the same power. If the airplane 
stops once during the transcontinental flight, it may be expected 
to save 74 min (9 per cent) by cruising at the higher altitude. 
If it stops three times, it may be expected to save 52 min (6 
per cent). If stops are made once every 300 miles, there is 
practically no advantage in going to 25,000 ft for cruising. 

This indicates that the practical advantage in time saved by 
cruising at a high altitude is not large except for very long flights 
such as are necessary in transoceanic service. In the latter opera- 
tions, the time saved is not particularly important except in re- 
gard to its effect on the amount of fuel which must be carried. 
For any specific flight length, the fuel-load reduction credited to 
the time saved must be corrected for the higher specific fuel con- 
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sumption necessitated by supercharging for the higher-altitude 
operation, and for other weight penalties mentioned later. For 
operation over land, the time saved in making long flights at high 
altitudes is not ordinarily of as great importance as the advan- 
tages of increased pay load obtainable by making an occasional 
stop for fuel. 

If restrictions on the rate of descent imposed by passenger 
comfort and safety are eliminated (as by use of a supercharged 
cabin), a slight additional time saving may be accomplished by 
cruising at high altitudes, but this does not materially alter the 
data as presented. 


PRESSURE CABIN REQUIRED FOR PASSENGERS 


Since experience has indicated that passengers cannot ordi- 
narily be carried at altitudes higher than 12,000 or 14,000 ft with- 
out increasing the air pressure in the cabin above that of the 
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surrounding atmosphere, the fuselage must be substantially air- 
tight for high-altitude cruising. This is not impractical, though 
it involves some increase in structural weight. In order to mini- 
mize difficulties, it would seem advisable to maintain the cabin 
pressure at about 10 lb per sq in. abs at altitudes above 10,000 ft, 
at which altitude that atmospheric pressure is the normal value. 
If this procedure is followed, the internal pressure which the 
cabin must withstand will be nearly 7 lb per sq in. abs at 35,000 ft 
altitude. The stiffness required of the normal fuselage is such 
that the conventional structure will, in general, be adequate for 
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the bursting loads. 
occur at bulkheads and doors. 

A troublesome problem is encountered in arrangements for 
maintaining the cabin pressure and in providing for ventilation. 
The power needed by a centrifugal compressor to raise the 
pressure from atmospheric to 10 lb per sq in. abs is shown in Fig. 
6, for the range of flow ordinarily considered acceptable in ventila- 
tion practice. Assuming that a value of about 20 cu ft per min 
per passenger is satisfactory, the power required will be about 2 hp 
per passenger at 35,000 ft. The utilization of the main power 
plant to supply this energy is immediately suggested for economy 
of both structural weight and fuel. In the case where a two- 
stage supercharger is used for the engine, the first stage might 
possibly supply the cabin pressure and ventilation with the 
assistance of pressure- and volume-control apparatus. A small 
auxiliary compressor driven by an exhaust-gas turbine would be 
both economical of fuel and flexible in operation. 

In addition to the desired cabin pressure and ventilation, a 
large portion of the heat required for the comfort of the passen- 
gers would be supplied by the same centrifugal compressor. 
While this amount of heat would have to be supplemented by an 
exhaust-heated steam boiler or other appropriate means, the 
heated-air supply would furnish a large part of the requirement 
except at low altitudes. Under unusual atmospheric conditions, 
cooling of the cabin air supply might even prove necessary as indi- 
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cated by the temperature data of Fig. 7. The high-temperature 
air must be carefully distributed in the cabin to avoid uncomfort- 
able hot spots. 

Automatic devices are required to control the cabin pressure 
and temperature, and a spare cabin supercharger may be neces- 
sary to protect the safety of passengers in case of a mechanical 
failure. If it is desired to employ high rates of descent to save 
time, it will be necessary to insure a gradual change of pressure 
within the cabin. This may be accomplished by temporarily rais- 
ing the absolute pressure in the cabin above 10 lb per sq in. abs 
just prior to landing, or by decreasing the rate of descent at low 
altitudes. The continual use of sea-level pressure in the cabin 
involves both additional structural-weight changes and an in- 


The principal structural changes needed will 
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creased power consumption. The number of devices required 
for cabin supercharging and pressure control again emphasizes = 
that an airplane intended for cruising at high altitudes must be a a 
relatively large unit in order to achieve a reasonable pay-load ie 
capacity. 

Difficulty with boiling of the fuel at low pressure will be 
aggravated at higher altitudes and it will probably be necessary 
to apply cabin pressure to the fuel system. This matter and 
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numerous similar detail problems will need careful attention if 
successful operation is to be achieved. The precision of naviga- 
tion instruments, for example, is a matter of increasing impor- 
tance as speeds and distances are increased. However, it is be- 
lieved that the solution of any of these problems does not present 
major difficulties. 

CoNncLUSION 


The preceding discussion leads to the conclusion that the 
additional complications in structure and auxiliary apparatus 
required for high-altitude cruising with passengers probably does 
not warrant that type of flight operation except in the case of long 
non-stop flights over water, or to avoid or make use of weather 
conditions on the flight route. However, the latter item may be 
a very important consideration when it is desired to take advan- 
tage of prevailing winds. If these special considerations induce 
the construction of a highly specialized, pressure-cabin type of 
airplane for high-altitude operation, the flight path normally 
used (neglecting winds) should be at the maximum altitude per- 
mitted by the degree of supercharging of the power plant. It 
seems probable that the supercharging methods available for 
service use in the near future will not provide for the main- 
tenance of the cruising-power rating at altitudes greater than 
about 25,000 ft, and that the fuel consumption of such an engine 
will be materially higher than that of a similar engine super- 
charged for operation at relatively low altitudes. This increased 
fuel consumption plus the additional penalties resulting from 
the necessity for a supercharged cabin, severely restricts the 
commercial utilization of the increase in airplane speed achieved 
by flight at high altitudes. 
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The Flow Characteristics of Variable-Speed 


Reaction Steam Turbines 


By ADOLF EGLI,! PHILADELPHIA, PA. 


In this paper a general relation is derived between weight 
of flow, speed, and efficiency of a reaction-blading group 
operating under various steam conditions. With this 
relation, which is best plotted graphically, the author 
presents a method for calculating the peculiar variation 
of the weight of flow in variable-speed turbines. 


through a reaction turbine varies peculiarly with the specd 

of the turbine. This variation is appreciable, particularly 
in turbines used for marine propulsion which operate over an 
extremely wide range of speeds. When predicting the per- 
formance of such turbines? the effect of the speed on the pressure 
distribution in the turbine, i.e., the effect on the weight of flow 
through each group of blades, should indeed not be neglected. 
Due to the extremely complicated nature of the problem, how- 
ever, this refinement in turbine calculations has been neglected 
generally. 

The principal solution of the problem has been given by 
Stodola* and is known as the v*-method. This method is ap- 
plicable to any blade path. It involves, however, a cumbersome 
cut-and-trial calculation which must be made for each row of 
blades. 

A general relation between the characteristic variables of a 
whole reaction-blading group with uniform blade profile and 
uniform velocity ratio is derived in this paper which for all 
practical purposes is sufficiently accurate. The type of blading 
mentioned is, with exception of the last few rows in condensing 
turbines, the only one used in modern reaction turbines. 


ik IS a well-known fact that the weight of steam flowing 


Tue THrovuGH a Symmetric ReacTION-BLADING GRoUP 


A symmetric reaction-blading group is made up of blades 
with the same profile in all blade rows, i.e., blades of geometri- 
cally similar profiles, and is designed so that when operating 
with the design pressure ratio, all velocity triangles are geo- 
metrically similar. 


1 Research Engineer, Westinghouse Electric and Manufacturing 
Company. Mr. Egli received his technical education at the Federal 
Technical University in Ziirich, Switzerland, where he was graduated 
as Diploma Mechanical Engineer under Professor Stodola in 1929. 
After graduation, he was engaged as assistant to Professor Stodola 
and Professor Eichelberg and as instructor of thermodynamics and 
heat-engine design. From 1930 to 1931 he was employed as experi- 
mental engineer with the Terry Steam Turbine Company, Hartford, 
Conn. Since 1931, Mr. Egli has been connected with the Westing- 
house Company at South Philadelphia as research engineer on 
turbine efficiency and design. 

? Steam-rate guarantees are often required over a range of loads 
from the maximum down to less than 2 per cent with the heaviest 
penalties at the lowest loads. 

3 “Steam and Gas Turbines,” by A. Stodola, McGraw-Hill Book 
Company, New York, N. Y., 1927, pp. 316-327. 

Contributed by the Power Division and presented at the Annual 
Meeting of Tam American Society OF MECHANICAL ENGINEERS 
held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


1 The Velocity Ratio v as Characteristic Argument of the Per- 
formance of the Blade Group. Consider two-dimensional flow 
through one row of rotating or stationary blades as seen by an 
observer standing still relative to the blades. The flow picture, 
which looks principally as sketched in Fig. 2, is, in accordance 
with the laws of similarity of flow, determined if we give the 
angle of approach 8, the Reynolds number R,‘ and the Mach 
number M.§ For one and the same turbine the effect of R is 
very small, unless it is operating in a critical flow region, which 
generally is not the case. In the analysis presented in this 
paper the effect of the Reynolds number on the performance of 


stator 
F, 


Rotation 
Axis 


Fie. 1 Reaction-BLaDING Group oF AN AXIAL-FLow TURBIND 


Fie. 2. Two-DimensionaL a Row or Reaction 
BLADES 


the blading is neglected. For such blade groups, the Mach 
number is usually about 0.3 or less so that its influence on the 
efficiency can also be neglected. The steam, when flowing 
through the blade row, behaves practically as an incompressible 
fluid. 

Thus, the picture of the flow through the blade rows of a 
given turbine is assumed to be dependent only on the angle of 
approach 8. In particular, consider now the approach velocity 
c and the leaving velocity c,. The direction of the two velocities 
and the ratio of their absolute values are fixed as soon as 8 is 


‘ Defined as R = cl/v, where c = velocity at a given point of the 
flow field, = a characteristic length such as the blade width }, and 
vy = the kinematic viscosity of the fluid. 

5 Defined as M = c/ca, where c and ¢, are the flow velocity and 
acoustic velocity, respectively, at a given point in the field. 
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given. Neglecting the difference between the mean diameters 
of two consecutive blade rows, the relation between the velocities 
c, and c; and their directions a and 8 is represented by the velocity 
triangle shown in Fig. 3. In this figure u represents the relative 
blade speed between two consecutive rows, i.e., in an axial-flow 
turbine with rotor and stator u is the peripheral velocity of the 
rotating blade. It is apparent that the proportions of the 
velocity triangle are definite functions of the approach angle 8, 
and also the velocity ratio » = u/c. Besides Reynolds’ number 
and other factors, taking into consideration the effect of varying 
blade heights, blade widths, etc., it is common practice to use the 
velocity ratio instead of the approach angle as characteristic 
argument of the performance of a turbine stage. 
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Fic. 4 ConpbITIOoN CURVE FOR THE FLOW THROUGH THE BLADE 
Group 


For the special type of blade group considered in this paper 
the author will follow the common practice and use » instead of 
8 as characteristic argument even though the approach angle 
8 is a more general characteristic. The variation of the factors 
for blade height, blade width, etc., do not have to be included 
since we are concerned only with a given blade group. The 
flow through the blade row is now a function of the velocity 
ratio, i.e., each velocity vector is a function of v; the percentage 
energy lost through friction is a function of »; the efficiency of 
the flow is a function of »; the angle a which the flow assumes 
after it has left the blade row is a function of v; etc. 

A symmetric blading group is designed so that each row is 
operating with the same velocity ratio, i.e., all velocity triangles 
are geometrically similar. 


2 The Variation of the Blading Efficiency of a Given Blade Group. 
The points 1, 2, 3, 4, 5, 6, etc., in the enthalpy-entropy dia- 
gram of Fig. 4 represent the condition of the steam at the 
exit of the first, second, third, fourth, fifth, sixth, ete., blade 
row. Then the blading efficiency of the blade row is defined as 


where fh is related with the velocities of the triangle of Fig. 4 
through the energy equation 


where A = 1/777.6 Btu per ft-lb, and g = 32.17 ft per sec per 
sec. . 
To express numerically the energy losses in the flow through 
the blade row we introduce with Stodola the velocity coefficient 
gy. The coefficient ¢ is the ratio of the actual leaving velocity 
c, to the velocity c,’ obtained in a flow without energy losses. 
It is defined by the equation 


= + [8] 


The velocity coefficient ¢ is definitely related to the energy losses 
n the flow, i.e., ¢ is a function of ». 
Substituting h from Equation [2] and h’ from Equation [3] in 
Equation 
1 — (c2?/¢;?) 


9 = (1/¢%) [la] 


Noting the relation from the geometry of the velocity triangle 


where « = v (2 cos a — »), a function of », we write Stodola’s 
expression for the blading efficiency 


e+ (1 — ¢)(1/¢?) 


For a given blading, the efficiency 7 is a function of the velocity 
ratio v only, since ¢ as well as ¢ are definite functions of ». 

The relative kinetic energy available for the flow through the 
following blade row will be calculated at this point since it is 
needed later in the derivation of the flow characteristics. It is 
defined as 


7 = 


= (A/2g) (c2?/h’) 
and can be expressed in terms of g and e in the form 


2 
5] 
1— (1 — 
where e is also a function of the velocity ratio v. 

3 The Isentropic Velocity Ratio v'’. When calculating the 
turbine performance, it is not possible to compute directly 
vy = u/c, since ¢ is unknown. In practical calculations one 
therefore refers to the adiabatic velocity ratio 


v’ = 
where 


The adiabatic velocity ratio v’ can easily be calculated since 
both the enthalpy drop h’ (at constant entropy) across the stage 
and the turbine speed are known. The relation between v’ and 
v is obtained by writing Equation [3] in the form 


[7] 
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FUELS AND STEAM POWER 


and noting that 
Co/e, = v/v’ 
Thus 
v/v! = /[e + (1— [8] 


Combining Equations [1b] and [8] as well as [4] and [8], 
yields the general relations between the variables (v/»’), e, ¢, n, 
and »v’ for instance in the form 


v/v’ = function of 7 and v’.................. [a] 
e = function of 9 and 
¢ = function of 7 and p’.................. [c} 


where » and »’ are most readily used as parameters since n is 
directly obtainable as a function of »’ from turbine tests. The 
actual numerical evaluation of the three functions [a], [b], and 
{c] is best performed graphically. In order to demonstrate their 
principal features the author has calculated them for a fictitious 
blading for which sin a2 = 0.30 shall be a constant, independent 
of the velocity ratio ». The constancy of @ with » over a wide 
range of operating conditions approximately is the case in actual 
blading. 

However, it is not very difficult to include in the calculation 
of these characteristic functions any variation of @ with », 
which for instance may have been found by special tests. 

In Fig. 5, the ratio (v/v’) has been plotted as a function of 
n and v’ for blading with the sin a = 0.30. This particular 
curve is useful in the design of the blade path, v’ being known 
from the performance calculations and » being directly necessary 
when calculating the blade heights. Figs. 6 and 7 show the 
percentage of carried-over kinetic energy e and the velocity 
coefficient y, as functions of » and v’, respectively. 

It should be noted that Figs. 5, 6, and 7 are general and apply 
to any blading group made up of blades which produce an exit- 
flow angle @ for which sin @ = 0.30. 
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4 The General Continuity Equation. This equation shows the 
relation between weight of flow, speed, blading efficiency, and 
pressure distribution of a group of reaction blades operating 
under various steam conditions. 

There are two principal ways in which the flow through the 
blade row appears to take place. Over a certain range of approach 
angles the flow picture looks about as shown in Fig. 2, the fluid 
following the contour of the blades without loss of contact. 
Below a certain value 8, of the approach angle and above a 
certain value 8,, the boundary layer breaks loose from the blade 
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wall and a wake of eddies is produced after each blade as shown 
in Figs. 8a and 8b. In the continuity equation 


where G = weight of flow, lb per sec; v = specific volume of the 
fluid at the exit from the blade row, cu ft per lb; F = flow area 
at the exit from the blade row, sq ft; c = exit velocity from the 
blade row, ft per sec; and f = a fill factor which takes into account 
the extent to which the flow passage is filled. In the range of 
approach angles 8, to 8, (corresponding to velocity ratios », to 
»), J will be unity. In the regions below », and above », f will 
be less than unity. We should expect f to vary with the velocity 
ratio about as shown in Fig. 9. 


velocity Ratio of 
Max. Efficiency 
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Fig. 9 Factor f as a FuncrTion or THE VeE.Locity Ratio 
By eliminating c, from the Equations [3] and [9] and intro- 

ducing e as defined with Equation [5] 
G? = + [10] 


Inasmuch as h’, the isentropic enthalpy change across one blade 
row, is relatively small we can write approximately 


hh’? —AS = {11} 


where Ap is the pressure drop across the row. Equation [10] 
can now be written in the form 


G?/2gf?e?(1 + e) = —F?(Ap/v).......... {10a} 


in which it is observed that the left side of Equation [10a] has 
for each row of a symmetric blading group the same value 


D = G2/2gfte{] + {12} 
The equation 
D = —F* Ap/v) 
may also be written in the form 


<2 


with Az as an increment of the number of rows. We then 
introduce but a small error when replacing Ap/ Az by dp/dz so 
that 

dz __ dp 

Az F? v 
Integrating Equation [13] over the whole group of blades which 
is operating at a fixed velocity ratio 


1 dx dp 


The left side of Equation [13a] becomes a certain fixed value 
for the particular blade group. The right side has to be in- 
tegrated along the condition line 1, 2, 3, 4, 5, 6, etc., of Fig. 4. 
As an approximate relation between p and v along the condition 
line we may use the polytropic® 


with 
n = 1—n(k—1)/k 


where k = the exponent of isentropic expansion, and 7 = the 
blading efficiency. Therefore 
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and, as result of the approximate integration over the whole 
symmetric blade group 


+ e) Pr 


With the simplification 
2— n(k—1)/k = 2 


the general equation for the weight of steam flowing through a 
group of symmetric reaction blading is 


= Bp, ») Be; 9) Viga/pr) [17] 


where B = a characteristic constant for each particular blade 
group, sq ft; p: = absolute pressure before the blade group, lb per 
sq ft; p: = absolute pressure after the blade group, lb per sq ft; 
v, = specific volume before the blade group, cu ft per lb; g = 
terrestrial gravity, 32.17 ft per sec per sec 


2 — x(k —1)/k 


a function of »’ and 9 


= V1 — 
a function of the group pressure ratio plotted in Fig. 11. 


“Steam and Gas Turbines,” by A. Stodola, McGraw-Hill Book 
Co., New York, N. Y., 1927 (H. Martin), p. 298; ‘Festschrift, 
Professor Dr. A. Stodola,’’ Verlag Orell Fissli, Zurich and Leipzig, 
1929 (G. Fligel), p. 145. 
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For a blading with sin a = 0.30, ® has been calculated and 
is shown graphically in Fig. 10 as a function of v’ and ». 

The fill-factor f is a function of » (or also of v’ and through 
the relation represented in Fig. 5) depending considerably on 
the profile of the particular blades used and can be determined 
directly from efficiency tests with a blading group by comparing 
G from Equation [17] with the weight of flow obtained from 
tests. After fi”; ,) is known for a particular blade profile, the 
curves ® and f can be combined in one (f)(,’; ,). 

For various given blade groups, 7 is a known function of »’ and 


The curves (f@) for the variously efficient blade groups will look 
similar to those shown in Fig. 12. With the use of such curves 
it is relatively easy to consider the effect of the speed, or better 
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still the velocity ratio, on the weight of flow in predicting the 
turbine performance. 

Special Case. In constant-speed turbines, the variation of 
the velocity ratio is relatively small during change of load. The 
blading is generally designed to operate in the flat range 1-2 of 
Fig. 12 so that the effect of the function (f@) on the flow can 
practically be neglected. Neglecting, furthermore, the variation 
of the product pm 


G = constant p; Vi — (pa/r)? {18} 
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Equation [18] is identical with the “law of the steam cone” 
found by Stodola. 
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In case of a condensing turbine, p/p, becomes negligibly small 
so that the steam flow G is practically proportional to the inlet 
pressure 7h. 

SuMMARY 


The weight of flow through a symmetric reaction-blading group 
is expressed by Equation [17] to be in general a function of the 
pressure ratio, velocity ratio, blading efficiency, and initial 
condition of the steam. Strictly, the integration of Equation 
{10a! is correct only if the velocity ratio v is the same for all 
rows, which is the case if the group pressure ratio p2/p, is equal 
to the design pressure ratio. For practical purposes, however, 
Equation [17] may also be applied to varying group pressure 
ratios, this being especially true since this variation is relatively 
small as a rule. 

Because of the complicated nature of the transcendental 
functions involved, the characteristic function @ is best shown 
graphically. Fora given blade section a plot as shown in Fig. 12 
will be particularly easy to use in performance calculations. 

The curves shown in Figs. 5, 6, 7, and 10 refer, for simplicity, 
to a blading giving a constant-flow leaving angle a@ (sin a = 0.30). 
Principally, any known variation of a with the velocity 
ratio » may be considered when calculating the characteristic 
functions. 

When compared with actual tests, Equation [17] has proved 
to give very accurate results. 
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Distribution of Air to Underfeed Stokers 


By A. S. GRISWOLD! ano H. E. MACOMBER,? DETROIT, MICH. 


The development of the underfeed stoker in coal- 
burning capacity has with few exceptions kept pace with 
the growth of large boiler units. The ability to continue 
further the increase in the amount of coal which can be 
successfully burned will depend greatly upon the solution 
of the problem of air distribution. 

Because of the physical movement and progress of the 
fuel on an underfeed stoker, and the changes which take 
place during combustion, the fuel bed presents a pro- 
gressively varying resistance to air flow, and the quantita- 
tive proportioning of air as regulated by fuel-bed resistance 
alone may be other than that desirable for the most effi- 
cient combustion. 

As the result of many experiments, metered-air-control 
systems, which supplement the action of the fuel bed and 
control the air supplied to a large number of fuel-bed 
subdivisions on a quantitative basis, have been developed. 
They are successful both from the standpoint of an operat- 
ing mechanism and from the results attained. 

The installations described provide an appreciable im- 
provement in combustion efficiency under test conditions 
and a small but measurable improvement in daily opera- 
tion. Smoking is almost entirely eliminated. Stoker- 
maintenance expense is reduced and availability is in- 
creased. The most important feature is the ability to 
maintain higher coal-burning rates, which, in some 
instances, may lead to important reduction in boiler- 
plant investment. 


NTIL recently, the development of the mechanical stoker 
| | has kept up in coal-burning capacity with the growth of the 
large boiler units that are now quite a common feature of 
central-station boiler plants. With a few notable exceptions, the 
choice between stokers and pulverized-coal firing has not been 
affected by the impossibility of building the stoker large enough. 
Indeed, the characteristic of the underfeed stoker in the matter 
of high heat release for a given furnace volume affords a definite 
advantage in determining the capacity of the unit when space is a 
serious factor. Whether or not this will continue to be the case 
will depend in no small degree upon the adequate solution of the 
problem of air-distribution control with which this paper deals. 
In the case of the forced-draft, chain-grate stoker, the neces- 


1 Staff Engineer, Central Heating Department, The Detroit Edison 
Company. For two years preceding his graduation from Cornell 
University in 1922 with the degree of mechanical engineer, he was an 
instructor in the experimental engineering department of Sibley 
College at that university. Since 1922, a large part of his time has 
been devoted to the operation of the central heating plants, with 
particular reference to boiler operation and combustion problems. 

2? Engineer, Production Department, The Detroit Edison Com- 
pany. Mr. Macomber was graduated from the mechanical engineer- 
ing course of Michigan State College in 1917. Since that time, with 
the exception of one year of service in the Chemical Warfare Service, 
U.S. A., he has been employed by The Detroit Edison Company on 
problems pertaining to power-plant design and operation. 

Contributed by the Fuels Division and presented at the Annual 
Meeting of THe AmerRICAN Soctety oF MECHANICAL ENGINEERS 
held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


sity for graduating the applied air pressure from front to back, as 
the blanket of fuel progresses through the processes of combus- 
tion, was recognized early in the development of that type, but 
the advantages of applying the same principle to the control of 
air supplied to an underfeed stoker were not realized until much 
later, as will presently be described. 

The air-control systems, which incorporate this principle, pro- 
vide a method to supply and regulate quantitatively the air flow 
to a large number of subdivisions of the fuel bed. They were 
originally looked upon only as a means to effect improvement in 
efficiency of combustion, but development and operation of the 
equipment have shown that further advantages are possible. 
The principal ones are important factors leading to increased 
coal-burning rates and reduced maintenance costs in the opera- 
tion of underfeed stokers. Today, air-coutrol equipment has 
become an essential feature to be considered both in the design of 
new plants and the rehabilitation of old ones. 

This paper discusses the air-distribution control problem and 
describes the methods developed for its solution in some of the 
most modern stoker plants. The first part reviews briefly the 
principle of the underfeed stoker as it bears on the problem of 
combustion control; the second part consists of a short discus- 
sion of the control of air distribution by the fuel-bed shape and 
dampers; the third section describes the modern air-control sys- 
tems; and the fourth is a discussion of the economics of air con- 
trol. 


I—GENERAL PRINCIPLES OF UNDERFEED STOKER 
COMBUSTION 


The principle of operation of the underfeed stoker, handling 
bituminous coals of the coking type, depends upon arather definite 
physical movement and progress of the fuel on the stoker corre- 
sponding to the physical changes which take place during the 
combustion process. The importance of proper physical move- 
ment of the fuel bed, as it affects operating efficiency, cannot be 
overestimated. Once determined for optimum conditions with 
any one installation, however, the stoker requires no radical 
change of adjustment provided the physical and chemical char- 
acteristics of the fuel remain fairly uniform. 

The path followed in this movement is such that the fuel pro- 
gresses from the point of introduction as fresh fuel, at the bottom 
of the retort, to the point of removal as refuse at the surface of the 
fuel bed. The introduction of fresh fuel crowds along the por- 
tions of the fuel bed just ahead, and the movement, continued 
by the action of successive pushers, at all times is carried on with 
the minimum of direct contact between the burning fuel and mov- 
ing parts. Coincident with this movement the fuel passes 
through zones of increasing temperature below that required for 
ignition, yet sufficiently high to promote coking with liberation of 
the volatile matter. Air for combustion discharged into the fuel 
bed through tuyéres mixes with and carries off these combustible 
gases and their combustion begins, along with that of the coke, as 
they pass through the incandescent zone at the surface. The 
coking process tends to close the fissures between adjacent frag- 
ments of coal and form a large mass, which, in turn, is subject 
to some disintegration as a result of action by the pushers. This 
may be contrasted with the absence of a “closing up” effect in the 
chain-grate stoker where the blanket of fuel is spread out and 
transported from front to back but without other disturbance. 
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EFFECT OF FvEL BEep on AiR FLow 


In the distribution of air to the fuel bed, the operator is thus 
dealing with a progressively varying resistance to the passage of 
air. Consequently, the quantitative proportioning of the air, as 
regulated by fuel-bed resistance alone, may be other than that 
desirable for the most efficient combustion. 
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BEaAcon STREET HEATING-PLANT STOKER EQuiprED WITH METERED- 
Arr CONTROL 


In Fig. 1 curves representative of actual operating conditions 
with an underfeed stoker show that the resistance of the tuyéres 
to the flow of air is of relatively minor importance as compared 
with that presented by the fuel bed, and is in consequence of little 
effect in producing a uniform air distribution. The resistance 
offered by any part of the fuel bed, however, is of major impor- 
tance. It is in turn affected by conditions such as (1) the shape 
and thickness, and (2) the porosity as affected by the intermove- 
ment within itself, the coking action, and the possible formation 
of clinkers. 


Errect oF AiR FLow ON BuRNING RATE 


The rate of burning coal, expressed in pounds per square foot of 
projected grate surface per hour, within the operating range, is 
immediately dependent on the rate of air supply, based, of course, 
on the presumption that a proper fuel bed has been established 
and is maintained within reasonable limits of thickness and tem- 
perature. Change in the fuel bed to accompany change in coal- 
burning rate, on the other hand, is not immediately dependent on 
the rate of feeding coal, but is a cumulative process as compared 
to the rate of air supply. 

Obviously, for a given plenum-chamber pressure the quantita- 
tive flow of air, and consequently the rate of burning, will vary 
inversely as the resistance offered at various points in the fuel bed, 
which explains why, especially under conditions of forced output, 
the bed may get accumulatively lighter or heavier. Without 
some external means of controlling air distribution, thin spots will 
inevitably develop in some places, while others will become ex- 
ceedingly heavy. Where the fire is thin, holes will be blown open, 
causing intensely hot blow-torch effects that may destroy the iron 
of the grate and induce the formation of clinkers." Eventually, 


the condition may extend so far that solid particles of coal or 
coke are blown out of the fuel bed and “‘drifting’”’ will take place. 
As a result, the whole fuel bed becomes physically unmanageable 
and the load can no longer be maintained. Coincident with 
this condition, an excess of air will blow through in some places 
while a deficiency exists in others, with an accompanying overall 
loss in efficiency. 


II—METHODS OF REGULATING AIR DISTRIBUTION 


The regulation of air distribution for underfeed-stoker opera- 
tion ordinarily concerns the use of fuel-bed shape, as a resistance 
to the flow of air, supplemented with a damper system to throttle 
portions of the air supply as desired. 


Use or Fuet-Bep SHAPE 


The use of fuel-bed shape as a factor in regulating the distribu- 
tion of air relative to the varying stages of combustion from the 
front to the rear of the stoker has been, and is today in most in- 
stances, the only means available for this purpose. Furthermore, 
in every case its establishment, irrespective of the air-distribu- 
tion :aethod available, is essential to efficient combustion. It is 
accomplished entirely by the operator’s skill in the use of adjust- 
ments to the stoker-operating mechanism as determined by visual 
observation of the fire. There is a considerable difference of 
opinion among operating engineers as to what constitutes the 
optimum physical shape of a fuel bed, and it will not be argued 
here. In any case, the probable differential in overall economy of 
the unit will be small. 


or DAMPERS 


Although the need for a method to supplement the air distribu- 
tion provided by fuel-bed-shape control was recognized in the 
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PLAN (REDUCED SCALE) 
PROJECTED GRATE AREA-70 SQ FT 


Fic. 2. Earty Stoker INSTALLATION aT Detray Power House 
No. 1, Asout 1911 


(Air was supplied to the entire fuel bed through one duct which led to a 
wind box, common to all tuyére boxes.) 


early days of stokers, the development of workable damper sys- 
tems for providing adequate regulation has been slow. Prior to 
1910, stokers were small, probably not exceeding 100 sq ft of pro- 
jected grate area, and, as illustrated by Fig. 2, air was supplied to 
the entire grate area without any regulation whatsoever between 
different portions of the fuel bed. 

With the development of larger stokers it became customary to 
divide the grate area into several subdivisions and supply air to 
each through individually controlled dampers. To avoid the 
complete stoppage of air to any one subdivision, the partitions 
usually were not tight. A typical installation of this kind in an 
early plant of The Detroit Edison Company is shown in Fig. 3. 
The stoker wind box—that part of the stoker to which the tuyére 
boxes were bolted—was divided into several sections to which the 
air was admitted through dampers. 

On one set of stokers at the same plant further subdivisions 
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Fic. Secrionat DAMPER SysTEM FOR STOKERS OF DELRAY PowER House No. 2, INSTALLED 1910-1915 
(Each of 13-retort double stokers was divided into four or five sections with separate damper-equipped ducts leading from the air-distribution duct 


to the stoker wind box. 
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Fic. 4 In 1911 at Detray Power House No. 2 
Wirn System FoR INDIVIDUAL TuybRE Boxes 


of the grate area were made during 1911. The wind box was 
partitioned and hand-operated dampers were installed, as shown 
in Fig. 4, so that the air to each individual tuyére box could be 
controlled. The adjustment of these dampers depended upon 
the condition and shape of the fuel bed as determined by obser- 
vation. It was concluded, after considerable experimentation, 
that the multiplicity of dampers thus arranged was of no practi- 
cal value. Although this experiment was not successful, it was 
one of the earliest attempts to utilize one feature of the design of 
the successful air-distribution system reported in this paper, 
namely, the division of the air flowing through the stoker into a 
relatively large number of individual streams and the provision of 
means for controlling them independently. 

The use of a plenum chamber was the next step in the develop- 
ment of more desirable air-distribution methods. The high air 
velocities of the old small air ducts were known to be responsible 
for much of the localized burning of stoker castings and fre- 
quently for the uneven burning of the fuel. ‘bhe plenum cham- 
ber was used, therefore, to provide the more even distribution of 
air to the tuyére boxes. 

This type of construction, which was used in the original Con- 


Later the distribution duct was greatly enlarged. The partitions in the stoker windbox were not airtight.) 


ners Creek installations, is shown in Fig. 5. The tuyére boxes 
for each stoker, which were divided into several sections, were 
supplied with air from the plenum chamber through short 
damper-equipped ducts. This method of air-distribution con- 
trol became known as “sectional dampering.” A section of the 
fuel bed extended from the front to the rear of the stoker and in 
width usually included the retorts corresponding to the power- 
box sections. The dampers were called “section dampers.” 

A rapid growth in the size of stokers began about 1920 when the 
first installations were made having 21 tuyéres of standard thick- 
ness in each stack instead of 17, which had previously been stand- 
ard. Also, the secondary coal-feeding system was enlarged and in 
one design consisted of a ram and pusher rather than a single ram. 
The section dampers for air regulation provided with the older 
stokers were retained. Other developments, such as preheated 
air and attempts to increase greatly the coal-burning rates, soon 
followed. The need for adequate air regulation for the fuel bed 
became urgent in spite of the mechanical improvements which 
were made to the stokers. 

Stokers having most of the modern features were available 
about 1926. A typical installation of this period in the Beacon 
Street Heating Plant in Detroit is shown in Fig. 6. The double 
stokers, having a projected grate area of 636 sq ft, are 14 retorts 
wide, have 29 tuyéres in each stack, and each retort is fitted with 
four secondary pushers and a moving extension grate. The air- 
regulation system for these stokers differs from that used on the 
older units in that the dampers which control air to the tuyére 
stacks and to the extension grates are entirely independent of 
each other. There is no interconnection of air passages above 
the section dampers, which are greatly improved mechani- 
cally. 

Since both the tuyére stacks and extension grates of each half of 
the double stoker are divided into four sections, there is a total 
of sixteen dampers for regulating the air to the fuel bed. This 
use of dampers for regulation of air to the extension grates, sepa- 
rate from the tuyére area, is an example of a practice that will be 
defined as zoning; that is, the subdivision of the total grate area 
into a number of zone areas, each extending laterally across the 
stoker from one side to the other. 
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(Airtight partitions divide the tuyére stacks of each stoker into four sections with individual dampers for each section. A similar arrangement 
is made for the extension grates. The wind box of the earlier stokers is not used with this design.) 


In these earlier types of air-distribution systems the fuel beds 
were divided into a few relatively large areas. The adjustments 
of the dampers controlling the air flow to the sections were made 
manually and depended mainly upon observations made of the 
fire. 

It is doubtful whether these systems were of measurable worth, 
since the boiler operators were much more successful in produc- 
ing good combustion efficiency by controlling the fuel movement 
rather than by using the air-regulating dampers. Contemporary 


attempts were made by a number of other companies to improve 
the air-regulating methods, and in onecase morethan forty damp- 
ers were installed under a stoker. The results attained, how- 
ever, were far below expectations. 

The shortcomings of the earlier methods pointed out the neces- 
sity for dividing the fuel bed into smaller areas and of providing 
means of controlling the air flow to these areas on a quantitative 
basis. The efforts to incorporate these requirements led to the 
development of the present air-control systems. 
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Fig. 7 Avvromatic AtrR-CONTROL SysTeM AND Suspivisions or SINGLE-END STOKER FoR DeLRAy 
House No. 3 


(Fifty-six automatic air-regulating units are installed in four zones under the tuyére stacks. No control is provided for air supplied through front- 
wall air backs and side-wall tuyéres. Hand-operated dampers control the air flow to the extension grates. Installed in 1929.) 


III—DEVELOPMENT OF AIR-CONTROL SYSTEMS 


One of the first schemes for the quantitative control of air sup- 
plied to the fuel bed by attempting to compensate automatically 
for variations in fuel-bed resistance was conceived by Maxwell 
Alpern. Experimental installations of his apparatus were made 
at the Edgar Station of The Edison Electric Illuminating Com- 
pany of Boston in 1925, and at the Marysville Power House of 
The Detroit Edison Company in 1928. The latter trial installa- 
tion, which was applied to the original section areas, proved im- 
practicable because of coal dust and siftings, which interfered 
with the operation of the dampers, and mechanical complications. 
With the experience gained, however, the system was remodeled 
and simplified to the form which was eventually installed under 
the stokers of Delray Power House No. 3. 


Avromatic Arr Controt—DELRAY 


The need for an adequate air-control system for the stokers 
installed at Delray Power House No. 3 in 1929 was apparent, on 
account of the extremely large size of the fuel bed. These 15- 
retort, single-end units with 57 tuyéres in each stack have a pro- 
jected grate area of 611 sqft. Preheated air at 350 F is used. To 
meet this need, the automatic air-regulation system previously 
mentioned was installed. It was expected to provide equal 
quantities of air to each of the fuel-bed subdivisions. 

The general scheme of this installation is shown in Fig. 7. 
The tuyére-stack part of the fuel bed is divided into four approxi- 
mately equal zone areas, corresponding closely to the portion of 
the bed controlled by each pusher. Each zone is subdivided ac- 
cording to the tuyére stacks into 14 parts and air is supplied to 
each of the resulting 56 subdivisions through individual auto- 
matically controlled dampers. Air to the side-wall tuyéres and 
the extension grates, approximately 50 per cent of the total for 
combustion, is not regulated by the automatic-control system. 
The air to the pit area is adjusted by hand-operated dampers. 

Each control unit consists of a duct and two independent cage- 
type dampers arranged in series. The first damper functions as a 


variable measuring orifice, and its opening is automatically ad- 
justed with variations of the plenum-chamber pressure. The 
second damper attempts to maintain automatically a fixed differ- 
ential pressure across the measuring orifice, irrespective of varia- 
tion in the fuel-bed resistance over that particular area. 

All of the measuring orifices are connected together through a 
linkage system so that all have the same opening. When the 
steaming rate is low, the plenum-chamber pressure is low and 
these orifices are nearly closed. When the steaming rate is high, 
the increased plenum-chamber pressure moves them to a nearly 
wide-open position. The differential pressure across any meas- 
uring orifice is a function of the quantity of air actually being 
supplied to the corresponding fuel-bed subdivision, and if the 
same differential is maintained across all orifices, all subdivisions 
of the fuel bed should receive equal amounts of air. All regulat- 
ing dampers, therefore, attempt to maintain automatically the 
same differential pressure, approximately 1.4 inches of water, 
across the measuring orifices, irrespective of boiler load. The 
motive force for the operation of each regulating damper is sup- 
plied by a gasometer bell, which is actuated by the differential 
pressure across the corresponding measuring orifice. 

Overcompensation of air distribution in order to maintain ap- 
proximately equalized resistances across the sections of the fuel 
bed in a zone area is provided by an iron tube, partially filled with 
mercury, mounted horizontally on one of the levers of each regu- 
lating damper. When the damper is half open, the normal op- 
erating position, this tube is level and the mercury is distributed 
evenly along the tube. If the damper starts to close, the mer- 
cury flows toward one end of the tube and closes the damper still 
further. Thus the air flow to the section involved is reduced be- 
low normal. The reverse action takes place when the damper 
opens more than halfway and the air flow is increased above nor- 
mal. 

After a long period of observation and testing, it has been con- 
cluded that although this system has some desirable features, it 
is lacking in many important respects. Because of its automatic 
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operation, the control does not place any additional responsibility in 1929 was a desire to improve combustion efficiency if possible 
on the boiler operator and because it regulates the air, to a and to study the air-distribution requirements of a large stoker. 
limited extent at least, fewer manual operations are required in At that time three boilers equipped with 14-retort, double-ended 
: the control of the fire. This is particularly noticeable in the ad- _stokers having a projected area of 636 sq ft including the ashpit 
ee justment of the pusher strokes, since the more uniform air flow had been installed and were operating in an acceptable manner. 
lessens the formation of clinkers and helps prevent other forms of _ A fourth boiler was to be installed the following year. A careful 


DIFFERENTIAL DRAFT GAGE 


ao SLIDE WIRE FOR DAMPER CONTROL EXTENSION GRATE ZONE EXTENSION GRATE ZONE 
/ 
UPPER LOWER / LOWER UPPER 
TUYERE TUYERE / TUYERE TUYERE 
: 
» 
= 
», 
26-4" 


PLAN (REDUCED SCALE) 
PROJECTED GRATE AREA 636 SQFT 


Fic. 8 Manuat SySTEM AND FvueEL-Bep SUBDIVISIONS AT BEACON STREET HEATING PLANT 


(The tuyére stacks are divided into two zones while the extension grates are the third zone. Air is supplied to the fuel bed through 68 individual 
venturi tubes, each equipped with differential gages and hend-conkeeled dampers.) 


fuel-bed congestion. This leads to a reduction in the tendency analysis disclosed that while the average combustion efficiency 
to smoke. based upon stack-gas analyses was good, there were many pe- 
It has been definitely established that both in normal opera- riods during which better results should have been obtained. 
tion and under test conditions higher percentages of CO, in the | Unevenness of the fuel bed usually appeared to be the cause of this 
stack gas can be produced when the control isin use. The differ- inferior operation. It was decided, therefore, to install an air- 
ence is not large but is a definite indication that the principle of | contro] system that, although concurrent with the Delray instal- 
regulating air flow to small sections of the fuel bed is of value in lation, would be less complicated and yet would permit of a 
obtaining increased combustion efficiency. greater flexibility and knowledge of air-distribution requirements. 
There are, on the other hand, a number of undesirable and In the resulting installation, the air supplied to each fuel-bed sub- 
limiting features concerning this control system. Because of its division was metered and the dampers were adjusted manually 
bulk, a large plenum chamber is required, and in spite of the pre- rather than automatically. Because of the success attained by 
cautions which were taken, its operation is hampered by the dust this installation, the old sectional air-regulation system of another 
ria and siftings from the stoker. The initial adjustments of the boiler was replaced by an improved hand-operated, metered- 
are regulating dampers are difficult to make, and, since the air pre- _air-control system in 1931. 
(Be heaters of this installation have no bypasses, must be made when This control system, together with the subdivisions of the fuel 
the boiler is cold. The action of the dampers in operation can be _ bed, is shown in Fig. 8. The tuyére stacks proper, because they 
observed only through portholes in the plenum chambers. Be- are shorter than those of the Delray single-ended stoker, are di- 
cause of the small motive forces available, the equipment has vided into only two zones; the upper comprising 13 tuyéres and 
lacked sensitivity, a characteristic now recognized as essential if the lower 16tuyéres. Air is supplied to each tuyére zone through 
eee: the overcompensating feature is not incorporated in the control 15 adjustable-throat venturi tubes, one for each tuyére stack. 
ak: system. Since there is a large pressure drop through the control The air flow in each is regulated by a damper installed in the duct 
; : units, the plenum-chamber pressure is practically double that of | above the venturi throat. A sliding wire in a flexible tube ex- 
a similar stoker without an air-control system. In addition, the tending to the boiler gage board is used to operate the damper, 
control does not report to the operator whether it is functioning and the position of the control button on the end of the wire in- 
correctly in respect to quantity and distribution of air. Neither dicates the position of the damper. Inclined differential draft 
does it provide means for adjusting the relative air flow between gages connected to the venturi tubes are used to indicate the flow 
zones. All of these features combine to limit definitely the value of air. The third or extension-grate zone for each of the stokers, 
of this system. because of structural difficulties, was divided into only four sec- 
tions. The air to each is metered and controlled in a manner 
similar to that used for the tuyére zones. Thus, for this installa- 
The motive underlying the installation of a manually operated tion, the fuel bed is subdivided into 68 separate areas and as far 
metered-air-control system at the Beacon Street Heating Plant as possible, the control system is applied to all air supplied for 
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It does not, however, control air which enters the 
fuel bed through small openings around the secondary coal push- 
ers and other similar locations, which may amount to as much as 
20 per cent of all the air required. 

In order to obtain recognizable venturi differentials at low air- 
flow rates and at the same time minimize the draft loss at high air- 
flow rates, the venturi throats were made adjustable. They are 
so constructed that the maximum boiler load can be carried with 
a differential of one inch of water, of which approximately 40 per 
cent is an unrecoverable loss. 

For normal fuel-bed conditions the same amount of air is re- 
quired for all sections of one zone and the dampers should be in 
the same relative position—approximately half open. The boiler 
operator can then close the dampers sufficiently to maintain 
average flow in those sections where the sir flow tends to be high 
or open those where the flow is low. With this manual control, 
it is possible to reduce the air flow in any section which tends to 
burn light to an amount below the average for heavy spots. 
This overcompensation undoubtedly could be made to accelerate 
the correction of an uneven fire; but in actual practice the opera- 
tor is instructed to manipulate the dampers periodically in an 
effort to maintain uniform flow in all sections of a given zone. 
To guide the operator in maintaining the proper distribution of 
air between zones, scales on the air-flow gages indicate the proper 
flow for different boiler loads. The overall combustion results 
are indicated by the CO, recorder. 

The frequency with which the dampers must be adjusted de- 
pends upon many different conditions. For low fuel-burning 
rates, adjustments may be required only three or four times an 
hour. For very high combustion rates, however, rather frequent 
adjustments are required to part of the dampers at least, on ac- 
count of the high air velocities through the fuel bed and the ten- 
dency to drifting. 

The efficiency of combustion, already rather high except under 
certain conditions as previously explained, was not greatly im- 
proved by the air-control system, although under test conditions 
it was possible to maintain appreciably higher CO, in the stack 
gas, particularly with the low fuel-burning rates. Curves illus- 
trating the CO, produced with and without the air-control sys- 
tem are shown in Fig. 9. With the higher fuel-burning rates, 
the improvement in CO, with the control in use is due to the more 
even fire which is maintained and to a better air distribution be- 
tween the upper and lower tuyéres. The admission of unneces- 
sary excess air to the combustion chamber through thin spots in 
the fuel bed is considerably reduced. 

The improvement in CO, as a result of the control at the lower 
fuel-burning rates has a somewhat different explanation. With 
the decrease in boiler output the lower end of the fire thins out 
until there is very little active combustion over the extension 
grates and lower tuyéres. This reduces the resistance to air 
flow and permits large quantities of air to enter the combustion 
chamber when there is no control. While adequate dampers had 
originally been provided for the extension grates, there was no 
method of gaging the effectiveness of their use and the operators 
were reluctant to close them, because of the danger of burning 
castings. Also, there was no method of controlling the air flow 
through the lower part of the tuyére stacks. With the control 
system, the differential gages continuously indicate the air-flow 
rate, and thus it is possible to reduce the air flow to the extension 
grates without danger of destroying stoker iron by a complete 
shut-off of the air. The dampers for the lower zone of the tu- 
yéres can be partly closed until they pass only sufficient air to burn 
the fuel efficiently. This particular feature quite clearly demon- 
strates the need for quantitative control to make any air-regula- 
tion system effective. 

Although the improvement in combustion attributed to the 


combustion. 
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control system appears definite from a test standpoint, a corre- 
sponding improvement in the overall plant performance has not 
yet been demonstrated. During one winter the two boilers 
equipped with the air-control system and the two with the original 
section-damper system were operated for alternate two-week pe- 
riods. Operating records indicated that the boiler efficiency was 
0.3 of a point higher on the percentage scale when the metered 
control was used—a difference which is not sufficiently large to be 
significant. Under these conditions the control adjustments 
were a part of the fireman’s routine. The failure to obtain as 
much improvement as the tests had shown possible suggested 
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that the fireman failed to use the dampers to the best advantage 
and hence confirmed the desirability of automatic and substan- 
tially instantaneous adjustment of the dampers—a feature in- 
corporated in an ensuing installation at Conners Creek. 

Although it was not anticipated at the time the Beacon Street 
installation was made, the air-control system has made possible 
a large increase in the maximum dependable fuel-burning rate 
of the stoker. With the stokers as originally installed, the boil- 
ers had a four-hour maximum steaming rate of 435,000 lb per hr, 
which corresponds to a coal-burning rate for the stoker of 63 lb 
per hr per sq ft. With the air control, the conditions are so im- 
proved that the dependable four-hour maximum output is 535,000 
Ib of steam per hr while the coal-burning rate for the stoker is 78 
lb per hr per sq ft. This is a 23 per cent increase in steaming 
rate, and when all four boilers in the plant are equipped for me- 
tered-air control, they will be able to serve a load which originally 
would have required five boilers. 

The limit of dependable coal-burning capacity, either with or 
without an air-control system, is determined by the ability to 
keep the fuel bed in a workable condition. As previously ex- 
plained, with the high air velocities occurring when operating at 
high combustion rates, there is a tendency to lift small particles 
of coke from the fuel bed and deposit them in drifts in other parts 
of the fire. This action, if permitted to become sufficiently ag- 
gravated, eventually causes whole sections of the fuel bed to 
become thin, while heavy drifts, through which no air will pass, 
make their ‘ ppearance in other sections. The effect is cumula- 
tive, and it 1s soon necessary to reduce load until the fuel bed can 
be worked into proper shape and condition. Without an air- 
control system, the fuel-burning rate must be kept sufficiently 
low to prevent this drifting from becoming serious. 

With this manually operated, metered-air system, however, 
the distribution of air is maintained more uniformly and the run- 
away effect just described can be controlled to permit a 23 per 
cent increase in coal-burning rate. The elimination of thin spots, 


: 

| 

~ 

Res 
> 

dae 

ot 
~ 


20 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


with their resulting high air velocities, minimizes the tendency for 
the small particles of coke to drift. At high combustion rates, 
because of the high flame concentration, mere observation of the 
fire does not reveal the presence of thick or thin spots in the fuel 
bed or congestion due to clinkers. The air-flow gages, however, 
together with the damper positions, indicate these defects to the 
operator, so that the correct adjustment of the rate of coal feed 
and, if necessary, of the pusher travel can be made. It is pos- 
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sible, therefore, to attain the higher continuous fuel-burning rate 
without danger of disrupting the fuel bed. 

Metering the air, as made possible by this system, permits a 
more detailed study of the effects of varying air distribution on 
combustion efficiency. With the dampers provided, the relative 
amounts of air supplied to each of the three zones may be in- 
creased or decreased. In a number of constant-load tests to dis- 
cover the optimum distribution, the portion of air to the upper 
zone was reduced to a minimum and then progressively increased 
to the maximum possible. Corresponding changes in the oppo- 
site direction were made in the portion of air supplied to the lower 
tuyére zone while sufficient air to complete the burning of the coal 
was supplied to the extension-grate zone. Combustion results 
were judged by Orsat analyses of the stack gas, and the optimum 
air distribution thus determined. 

The distribution at the different steaming rates which produced 
the best combustion results is shown in Fig. 10. To maintain 
these conditions, the amount of air supplied the upper zone was 
reduced by partly closing the dampers appreciably below that 
which would have obtained without a damper system. ‘Too large 
a reduction, however, caused severe smoking. It should be 
noted that this particular proportioning applies only to stokers 
using cold air similar to those on which the tests were made and 
may depend also on the pusher stroke adjustments. A compari- 
son of results of these tests with those obtained where preheated 
air is used indicates that due to the increased ignition rate, which 
preheated air provides, the optimum distribution of air may be 
different. 

In other tests, attempts were made to improve combustion by 
altering the length of stroke of the secondary coal pushers. It 
was found, however, that the length of pusher strokes which had 
been determined before the air control was installed were the 


best that could be had. 
stacks. 

Aside from the combustion considerations, this air-control 
system is of measurable value in reducing the cost of stoker main- 
tenance, as will be shown later in this paper. When in use, a more 
uniform air flow is maintained through all sections of the fuel bed 
and localized burning of stoker castings is reduced. 

The use of this type of control, then, has definite advantages 
to offer in the design and operation of a plant. Principally, it 
permits increased steaming rates and lowered maintenance 
charges for the installation to which it is applied. A somewhat 
minor gain is possible in combustion efficiency. 

On the other hand the system has certain disadvantages, but 
considering the results achieved, none of them is serious. The 
venturi tubes and dampers necessarily take up a large portion of 
the space in the plenum chamber but the under parts of the stok- 
ers are still sufficiently accessible to permit repairs. Mechanical 
difficulties of a minor nature are encountered occasionally. 

Readjustment of the dampers to bring the air-flow gages in 
line is not so formidable a task as it appears, since ordinarily only 
a few require adjustment at one time. At the high coal-burning 
rates, however, an unbalanced fuel bed may develop quite rapidly 
and consequently more frequent attention is required. Observ- 
ers have estimated that ordinarily no more men will be required 
to operate the boilers equipped with this type of air control up 
to their full steaming capacity than is required for the boilers 
with no control. In the event that additional labor is required, 
the added cost is far outweighed by the saving in fixed charges 
on the plant investment resulting from the additional steam- 
generating capacity provided by the control. 

The possible advantages to operation which result from the 
use of this control were further demonstrated by subsequent in- 
stallations at the Hudson Avenue station of the Brooklyn Edison 
Company, where an average coal-burning rate of 111 lb per sq ft 
of projected grate area per hr was maintained for a four-hour pe- 
riod. It was observed here that the attention required for man- 
ual control under these conditions might limit its use. This fac- 
tor, together with that which had previously been demonstrated 
in the Beacon Street tests concerning the effect on combustion 
efficiency resulting from continuous attention to damper regula- 
tion, led to the decision to make the control for a new Conners 
Creek installation partially automatic, and instantaneous in op- 
eration. 


Any large changes resulted in smoky 


Automatic METERED-AIR CoNTROL—CONNERS CREEK 


In the rebuilding of the Conners Creek power house, metered- 
air control, for the first time, was an important consideration in the 
design of a large central station. The plant which originally had 
a generating capacity of 180,000 kw served by 14 boilers is being 
reconstructed, using new boilers for higher pressure and super- 
heat to serve eventually 330,000 kw of generating capacity. 

One of the major problems in the design of the new boilers was 
that of providing adequate steam-generating capacity for the 
greatly increased electrical output. Although some increase in 
grate surface was possible, the location of the building columns 
definitely limited the size of the new stokers. The installation 
of additional heat-absorbing surface was possible by increasing 
the height of the boiler house, by installing air preheaters and 
economizers, and by the addition of highly effective surface in the 
screen tubes forming all four walls of the new furnaces. It was 
necessary, therefore, either to use a method of increasing the coal- 
burning capacity of the stokers or to install a larger number of 
boilers of less capacity. 

During the period when this rebuilding program was being 
studied, the air-control installations at Beacon Stree were being 
tested and the ability of this equipment to increase the maximum 
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dependable coal-burning rate was definitely established. It was 
decided, therefore, to equip the new stokers with air-control sys- 
tems and thus obtain a greater rate of heat release than otherwise 
would have been practicable. With the stokers equipped in this 
manner, each new steam-generating unit was designed to have a 
two-hour, maximum capacity of 420,000 lb of steam per hr as 
compared with 325,000 lb per hr which would have been the ex- 
treme limit without air control. Present indications are that 
this 420,000 Ib per hr steaming rate can be maintained continu- 


ously. The old boilers, occupying the same floor area, had a 
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The regulators chosen for this rather exacting service are sen- 
sitive to such infinitesimal variations in differential pressure as to 
obviate the necessity for contracting the throat at light loads. 
Their primary function is to maintain a constant flow of air to the 
area under control, irrespective of change in fuel-bed resistance. 
It is in this respect that this control differs in operating principle 
from the automatic overcompensating design at Delray, or that 
possible in practice with the Beacon Street or Hudson Avenue 
installations. All regulators of one zone have the same simul- 
taneous adjustment through loading-pressure diaphragms and 
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AvuTOMATIC METERED-AIR-CONTROL SYSTEM AND FUEL-BED SUBDIVISIONS FOR New ConNERS CREEK Power House 


12-RetTorT STOKERS 
(Center-partitioned tuyéres are used and the air-control area is from center of tuyére stack to center of tuyére stack.) 


continuous steaming capacity of 125,000 lb per hr. A total of 
12 new boilers, because of the use of control, instead of a possible 
14 without control, will be sufficient for the completed plant. 

The air-control system used in these installations has meters 
and dampers resembling those at Beacon Street, but the dampers 
are operated by hydraulic-power cylinders controlled from dia- 
phragm-type regulators. The general scheme of the installation 
is shown in Fig. 11. The grate surface of the stoker is divided 
into three zones. Although the tuyére stacks are of the same 
height as those at Beacon Street, thinner tuyéres are used. There 
are 23 tuyéres in the top zone while the remaining 18 tuyéres are 
in the middle zone. The lowest zone consists of the reciprocating 
extension grates. The stoker is 12 retorts wide, and the two 
stokers serving each boiler have a total projected grate area of 
557 sq ft. 

The division of the grate area differs from that which had pre- 
viously been used in that the tuyéres are center-divided so that 
the tuyére stacks are partitioned down the middle. Each ven- 
turi tube furnishes air to the half of the tuyére stack on adjacent 
sides of each retort. This makes each air-control subdivision a 
unit corresponding to the coal retort. Also, the number of ex- 
tension-grate sections, each with separate venturi tube and con- 
trol damper, was made equal to the number of retorts. Thus for 
the double, 12-retort stoker, a total of 72 meters and control dam- 
pers are required for the six zones. 


therefore equalized air flow is maintained continuously through 
all meters. 

Adjustment of distribution between zones is accomplished by 
six zone-loading regulators, each one of which acts in conjunction 
with all 12 air-flow regulators of one zone. By adjusting these 
zone regulators, the amount of air which will flow through the 
meters of one zone with respect to another can be changed to 
meet the requirements of the fire. To readjust the air flow auto- 
matically with change in load, the zone regulators are in part sub- 
ject to air-loading adjustment through a master regulator which 
is influenced indirectly by variations in plenum-chamber pres- 
sure. To change air-flow rates would otherwise require manual 
readjustment of the six individual zone regulators. 

One set of 12 and one set of six air-flow gages are provided for 
each boiler. A gang valve permits the connection of the twelve- 
gage set to all of the venturi tubes in any one selected zone. One 
unit of the six-gage set is connected to a key venturi in each of the 
six zones. With this combination it is possible to check the action 
of all the regulators. It has been found that except when the 
dampers are allowed to reach the limit of their travel, the regula- 
tors maintain a uniform air flow through all venturis in a zone. 
The six-gage unit indicates continuously the relative distribution 
of air between zones. As the reliability of the regulators is es- 
tablished over a period of time, it is anticipated that the 12-gage 
unit and piping may be eliminated. 
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The first boiler equipped with this control system went into 
operation in November, 1934, a second was completed a short 
time later, while a third was commissioned in August of this year. 
The air-control system of the third boiler differs from the first 
two in that damper-position indicators are also provided at the 
control board to give information of relative fuel-bed resistance. 

Tests during the first year’s operation have definitely estab- 
lished that, with the control system, the stokers are capable of 
attaining the coal-burning rate which was expected. Operating 
performance tests of four hours’ duration have been made at 
steaming rates up to 425,000 lb per hr. The coal-burning rate 
at this load is 75 lb per sq ft of projected grate surface per hr. 
The excess air in the furnace was 12 per cent, and there was 
neither measurable combustible in the gases nor smoke at the end 
of the superheater pass. 

It is felt that this control is a distinct step forward in the de- 
velopment over the manually operated type. It has retained 
the basic features of the latter and has provided others that are 
considered desirable. From the operating standpoint it is pos- 
sible to maintain maximum burning rates under conditions of 
high efficiency. Smoking is almost entirely eliminated under all 
conditions of operation. Attention by the operator to adjust- 
ment of the control and the stoker is, under normal conditions, 
greatly reduced. Because of the increased reliability of the 
stoker, the continuous operating period between shutdowns is 
greatly lengthened and maintenance costs are correspondingly 
lessened. 


IV—ECONOMICS OF METERED-AIR CONTROL 


In considering the economic justification for metered-air con- 
trol, it should be remembered that this form of control does not 
replace the usual forms of automatic combustion control which 
adjust the ratios of total air and total fuel in proportion to the 
load demands. Rather, it should be regarded as a supplement 
thereto. It delivers to each subdivision of the fuel bed its proper 
quota of the total air supply. At Beacon Street, which is 
equipped with a well-known system of combustion control, the 
metered-air control serves as a refinement of and in no way an in- 
terference to the former. 

Justification of the investment in metered-air control must re- 
sult from a consideration of the following items: Increased effi- 
ciency of combustion, decreased maintenance cost of stoker, in- 
creased capacity of the unit, intangible items, and cost of control, 
including operating expense. Four of these items represent bene- 
fits which will accrue from the use of the control, while the fifth 
represents the added cost. 


CoMBUSTION EFFICIENCY 


Increased efficiency of combustion is to be expected because of 
the more accurate adjustment of the fuel-air ratio in each fuel- 
bed subdivision. Test results show a marked improvement, 
particularly at the lower steaming rates. The only overall, long- 
time test conducted to date at Beacon Street showed an improve- 
nent of 0.3 per cent. While this appears low in view of the test 
results, a larger differential is possible with use of the Conners 
Creek type of control, because of continuous and instantaneous 
automatic adjustment of the dampers. However, no greater 
improvement should be credited unless and until demonstrated 
by experience. 


MAINTENANCE EXPENSE 


The most important item of expense in the operation of a boiler 
plant after fuel and operating labor, is stoker maintenance. Often 
more can be saved by efforts directed toward minimizing it than 
in attaining higher combustion efficiency. It is an expense sub- 
ject to many variables for a particular installation. Among 


these are the coal-burning rate, the accumulated total of hours 
in service, the temperature of the air supply, the grade of coal 
as well as the skill and attention of the operator. Some of these 
factors are obviously determined by plant design and others are 
to an extent controllable in operation. 

In the Beacon Street Heating Plant a record of stoker mainte- 
nance costs over a period of years of operation both before and 
after the installation of metered-air control, presented in Table 
1, shows for one boiler a differential of 4.2 cents per ton of coal 

TABLE 1 COST OF MATERIAL USED FOR STOKER 
MAINTENANCE— BEACON STREET HEATING PLANT 


No. 5 Borner 
Stoker maintenance material 


Coal burned, Total, Per ton of coal, 
Year tons dollars cents 
-—————--Prior to metered-air-control installation-—-—-——~ 
1927 6,510 292.14 
1928 21,370 2135.19 
1929 26,500 1062.69 
1930 20,700 1950.02 
75,080 5440.04 7.2 
After metered-air-control installation—-——-——. 
1932 18,400 340.81 
1933 12,600 432.00 
1934 30,438 1072.98 
61,438 1845.79 3.0 
ENTIRE PLANnt, Sept. 1, 1926, ro Dec. 31, 1934¢ 
- Without air control — 
Stoker maintenance material 
Coal burned, otal, Per ton of coal, 
tons dollars cents 
Boiler 1 145,097 8079.35 5.6 
Boiler 2 169,566 7882.41 4.6 
Boiler 5 75,080 5440.04 7.2 
389,743 21,401.80 5.5 
With air control ~ 
Boiler 4 98,509 3929.32 4.0 
Boiler 5 61,438 1845.79 3.0 
159,947 5775.11 3.6 


2 Year 1931 for No. 5 boiler omitted, as air-control system was installed 
during the year. 


burned in favor of the control. The differential for the entire 
plant is not so great as this, but both boilers equipped with air- 
control systems have a lower cost of stoker-maintenance materials 
than any boiler without the air control. As already mentioned, 
this plant is without air preheaters. 

At the Delray No. 3 Power House, initially placed in operation 
in 1929 and equipped with preheaters for a combustion-air tem- 
perature of 350 F, slightly lower than that at Conners Creek, the 
cost of maintenance material for the years 1933 and 1934 was 
10.5 cents per ton of coal burned. At Conners Creek the new 
boilers were first operated in November, 1934. Although the 
length of time these stokers have been in operation is too short to 
establish the average maintenance cost, it is the authors’ opinion 
that the air control will account for a reduction of about five 
cents per ton below that which would have obtained without the 
control. This item evaluated on the basis of 60,000 tons per 
year coal consumption per boiler would amount to $3000. 

The point might be raised that a comparison of the Delray and 
Conners Creek installations does not illustrate fairly the advan- 
tage attributable to air control for the reason that both have it. 
Delray No. 3 does have control, but of a type and design that, 
although affording some advantages, has also many deficiencies 
compared with the later Conners Creek installation. It is, in 
fact, now planned to substitute air-control equipment of the 
Conners Creek type for that originally installed. 


CAPACITY 


Tests before and after installation show, conservatively, that 
the system is capable of increasing the maximum output by at 
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least 23 per cent. Actually, the control goes farther in its effect 
on output in that the maximum continuous steaming rate is 
caused to approach the two-hour maximum. 

A discussion of this item of capacity raises the question whether 
or not this increase in capacity is obtained at less cost than if 
attained through installation of additional grate area; whether, 
in other words, it is more profitable to increase the burning rate 
on a given grate area or provide more grate. 

While the answer to the question may not be obvious in the 
design of a new plant of which the floor dimensions are not yet 
fixed, the advantages are more evident when it is a case simply of 
greater utilization of existing space. In considering rehabilita- 
tion projects, the floor area as limited by column spacing is, of 
course, an important factor, and the use of an air-control system 
permits the installation of fuel-burning equipment of a capacity 
which otherwise would be impracticable. An actual example of 
this sort of problem was involved in The Detroit Edison Com- 
pany’s rebuilding program at the Conners Creek Power House. 
A successful solution of that problem was niade possible largely 
by the fact that the coal-burning rate on an amount of grate 
definitely limited by existing column spacing could be increased 
sufficiently to balance the greatly increased heat-absorbing sur- 
face made possible by the greater height of the rebuilt boiler 
house. 

Because the air-control system has stepped up the capacity of 
the fuel-burning equipment, the necessity of installing the thir- 
teenth and fourteenth boilers for the completed plant will be 
eliminated. Thus the cost of 12 air-control systems at $20,000 
per boiler, totaling $240,000, will offset an otherwise possible in- 
vestment of $1,509,000. 

The returns on the investment through increased efficiency 
and reduced maintenance are necessarily dependent on the pe- 
riod of operation and the output of the unit. Savings in capital 
investment, on the other hand, are in effect continuously through- 
out the life of the equipment. 


INTANGIBLE ITEMS 


There are certain other intangible items to be credited, but 
which are not readily evaluated. 

Availability. At the time of writing this paper six months 
have passed without the need for shut down for repairs to the 
stokers at Conners Creek. Necessarily, any influence which the 
use of this control may have toward extension of the period be- 
tween shutdowns must depend upon the reduction of stoker iron 
burnouts. Although burnouts may occur during periods of 
starting and prolonged banking, they are most frequent with 
high burning rates. Beyond burning rates of 70 lb per sq ft per 
hr, other limitations, such as wall slagging, front-tube and super- 
heater slagging with their attendant and sometimes cumulative 
effects on superheat temperature and drafts, can impose a more 
effective obstacle to further increase of the length of operating 
period than does the stoker itself. 

Smoke and Fly-Ash Nuisance. It is apparent at Conners 
Creek that use of the air-control system or the new boilers almost 
entirely eliminates smoking under all conditions of operation. 
Furthermore, the practically uniform distribution of air through 
the fuel bed and the avoidance of “blowtorch” action appears to 
reduce the amount of cinders carried over into the boiler passes 
and up the stack. 

Operating Attention. The amount of attention involved in the 
operation of a stoker with and without control is dependent upon 
the type of control and the coal-burning rate. Without control, 
there is the constant need of observation of the fire through in- 
spection doors and adjustments of section dampers, pusher stroke, 
and speed of stoker sections. Instead, with the manually oper- 
ated control, the operator reads the air-flow indicating gages and 


FSP-58-2 23 


adjusts the meter dampers accordingly for approximately equal 
distribution within a zone and the proper proportioning between 
zones. With the Conners Creek control, the individual adjust- 
ments being automatically and instantaneously corrected, only 
manual readjustment of proportioning between zones is left to the 
operator, thus relieving him of much mechanical routine and at- 
tention to detail. At Conners Creek under the peculiar operat- 
ing conditions existing at present, with only two boilers in service, 
it has been advisable to have one operator per boiler. As more 
boilers are put in service and operators are trained in the use of 
the air control, it is expected that one operator will be able to 
take care of two units. 


Cost or CONTROL 


The cost of metered-air-control equipment depends upon the 
type of control, the multiplicity of units involved, and the num- 
ber of accessories, such as instruments and their incidental piping. 
Generally, in the initial installation there is an overrefinement in 
this respect, which is then followed by simplification. 

The introduction of position indicators for the automatic dam- 
pers at Conners Creek has been found a necessity from the stand- 
point of fuel-bed control. They will permit the elimination of 
all air-flow gages and related piping except one per zone, which 
will be used when adjusting air distribution between zones. Fur- 
ther simplification to lessen the attention of the operator is being 
attempted with a rearrangement of master control devices for 
zone apportioning. These changes, however, will have little 
effect on the cost of the complete equipment which now stands at 
$20,000 per boiler. 

When an additional installation is made at Beacon Street, the 
design probably will be simplified by using curved tube air-flow 
gages which will permit the elimination of the variable-throat- 
area feature of the venturi tubes. The cost of such an installa- 
tion is estimated as $12,500. 

Operating cost for power to supply the Conners Creek automa- 
tic equipment with compressed air and water is negligible. The 
required air supply per boiler is 1 cfm at 8 lb per sq in., while the 
water supply required is 35 gpm at 50 lb per sq in. 

Fan power for equivalent air quantity, as represented in excess 
plenum-chamber pressure, is necessarily more with control than 
without control. With control, the forced-draft fan must de- 
liver to the plenum chamber, for any specific boiler load, the 
quantity of air required at a pressure dictated by the maximum 
resistance of the fuel bed plus that of the control metering boxes 
and dampers. All the dampers throttle the flow, but to a varying 
degree, depending upon zone flow proportioning. Without con- 
trol, the resistance is the average for the fuel bed, the air seeking 
the path of least resistance. Experience, however, seems to 
point to the fact that there is very little difference in the total 
power requirements for forced- and induced-draft fans, either with 
or without control, of the Conners Creek or Beacon Street types. 
The reason for this is that with control the extra plenum-chamber 
pressure required is largely offset by a lower excess-air ratio. 

CONCLUSIONS 

The use of either manual or automatic metered control for the 
distribution of air supplied to large underfeed stokers is justified 
in present-day operation, although the automatic metered con- 
trol accomplishes more as it adjusts the air flow instantaneously 
and continuously, whereas the manual metered control depends 
upon the operator’s observing the air-flow gages and making the 
necessary adjustments. 

The reasons that justify the use of metered-air control are: 

(1) It increases, by twenty-three per cent or more, the maxi- 
mum attainable combustion rate of the stoker which can be 
carried successfully. 
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(2) Stoker maintenance cost is appreciably reduced through 
the reduction of burnouts. 

(3) The availability of the unit is correspondingly improved 
because of less frequent shutdown dor repair. 

(4) By reducing the excess air, it gives an improvement in 
efficiency, particularly at the lower fuel-burning rates. 

(5) Smoke is almost entirely eliminated under all conditions of 
operation. 

(6) Because of the increased fuel-burning rate made possible, 
a smaller stoker can be used, which in some cases leads to marked 
saving in the entire boiler-plant investment. 


Although a capable operator is still required, use of the con- 
trol does relieve him of many duties which otherwise would be 
necessary, since any changes in the fuel bed are at once visibly 
indicated and can be readily corrected before the conditions be- 
come acute. 
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Film-Lubrication Theory and 


Engine-Bearing Design 


By E. S. DENNISON,' GROTON, CONN. 


In this paper the data of film-lubrication theory have 
been adapted to the purposes of bearing design for re- 
ciprocating engines, particularly for the case of the high- 
speed internal-combustion engine. Suitable corrections 
for end leakage in short bearings have been incorporated 
and the results are presented in the form of design charts. 
Some published experimental data have been correlated 
with reference to the theory. The flow of oil in pressure- 
fed engine bearings has also been treated, the oil being 
considered as a coolant as well as a lubricant. The paper 
includes a brief discussion of the application of the data 
in design, with remarks on some detail features and prac- 
tices. 


HERE are in existence carefully constructed charts which 
6 eo the results of film-lubrication theory in a form 

suitable for many purposes of design. As a rule these 
charts were prepared with a view to their usefulness in the caleu- 
lation of bearings for rotary machinery such as turbines or gen- 
erators. There is no doubt that film theory is more generally 
applied in that type of design than in the case of reciprocating- 
engine bearings. This may be explained in part by the fact that 
some peculiarities of engine bearings were not provided for in 
the construction of the charts, with the result that their proper 
application is not readily apparent. 

The object of the present paper is to adapt the existing results 
of film theory to the design of engine bearings, especially those 
of high-speed internal-combustion engines. An effort has been 
made to present the data in a form suitable for general use. In 
conjunction with the theory, consideration has been given to 
special aspects such as cooling. 

Published experimental data for bearings similar to those 
considered can readily be compared with the theory. ‘This has 
been done, with two objects: First, to illustrate the extent of 
variation within the region of true film lubrication, and second, 
to estimate if possible the limit of loading, above which film theory 
can no longer be expected to apply. 
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Some suggestions have also been added on the application of 
the design data in practice. 

The subject of “boundary” lubrication is excluded from con- 
sideration, together with the related questions of oiliness of lubri- 
cants and the relative merits of various metal surfaces for bear- 
ing purposes. The viewpoint is that bearings should be designed 
from the standpoint of film lubrication, and that a capacity to 
withstand partial metallic contact without serious injury should 
be counted as a safeguard rather than as a normal requirement. 


Tyre or Bearina To Be ConsipERED 


The bearing to be considered in this paper is typical of the 
main and crankpin bearings of an internal-combustion engine. 
Its special characteristics are assumed to be as follows: 

1 In structure it is of the complete type. Both bearing and 
journal are substantially bodies of revolution, differing in diame- 
ter by a small clearance. Such a bearing is equally capable of 
withstanding a force acting in any direction normal to its axis. 
In fact, forces acting on engine bearings fluctuate rapidly both 
in magnitude and in direction. It does not follow from the bear- 
ing structure that its pressure distribution will be that of the 
classical 360-deg bearing, and it is known that there is no corre- 
spondence in this respect. 

2 The length-diameter ratio may be small, for example, 0.5 
or even less. 

3 In some cases the bearing may operate with a high degree 
of eccentricity. 

4 The rate of heat generation is sufficiently high so that the 
action of the oil as a coolant, as well as a lubricant, must be con- 
sidered. 

5 The oil is supplied under pressure in such fashion that the 
entire clearance space may be considered as filled with oil at all 
times. Since the oil is normally supplied through grooves or 
holes near the longitudinal centerline, its path of flow to the 
point of escape is generally axial. 

Several of these particulars render this type quite distinct 
from the common partial bearing designed to carry a load acting 
constantly in one direction. Account is taken of its peculiarities 
in the following discussion of the theory. 


CompLEeTE BEARING Forcep LUBRICATION 


Fig. 1 illustrates diagrammatically the elements of the bearing. 
Oil is assumed to be delivered under pressure to a groove running 
entirely around the center of the bearing. The dimensions of the 
groove are such that there is no noticeable pressure variation 
within it when passing around the circumference. As already 
mentioned, it is assumed that the supply pressure, and the corre- 
sponding rate of flow, are such that the clearance will be main- 
tained full of oil. However, the dynamic load-supporting pres-_ 
sures are assumed to be unaffected by supply pressure. 

It is apparent that the whole bearing will behave like two 
shorter bearings of length Z, each supporting a load F equal to 
one half the total load. The discussion will refer to one of these 
sections of length. If it were practicable to dispense with the 
central groove, the carrying capacity obviously might be in- 
creased greatly. Later in the paper, alternative methods of 


pressure feed will be considered. 
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The journal may first be pictured as rotating at a given speed 
under a condition of zero load, that is, concentrically within its 
bearing. Assuming oil supply and other conditions as already 
stated, the case is then characterized by: 

1 An applied pressure per unit of projected area P, such that 
F = PLD. For the initial condition, P = 0. 
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2 A friction torque per unit length 7. For the initial condi- 
tion, 7 is the torque required to overcome viscous friction in a 
uniform layer of oil. 

3 A rate of oil flow Q, determined by the initial concentric 
position of the shaft. 

From 7 and Q, given other necessary data, the mean oil-tem- 
perature rise may be deduced. Such an estimate assumes that 
all friction work corresponding to T is dissipated in the oil. 

The journal may then be assumed to take up a succession of 
positions of increasing eccentricity. Each position is character- 
ized by particular values of the three quantities which together 
specify bearing performance. Pressure P of course takes finite 
values for shaft positions other than the initial concentric one, 
and represents load-carrying capacity. The laws of variation of 
P, T, and Q are more or less distinct, but they have a common 
dependence upon eccentricity. Hence, the latter serves as the 
most convenient independent variable to which the possible oper- 
ating conditions of the bearing may be referred. 

In the following sections, the variation of P, T, and Q with ec- 
centricity will be discussed. It is essential to express each vari- 
able in a nondimensiona! reduced form in order that it may have 
general application. 


NOMENCLATURE FOR PRINCIPAL TERMS 


a = radius of journal, in. 
journal eccentricity 
c = eccentricity ratio = : 
radial clearance 

D = nominal diameter of bearing, in. 

f = tangential frictional force per unit area, lb per sq in. 
F = load carried by bearing, lb 

hk = film thickness at any angle 8, in. 

ho = minimum film thickness, in. 

K = end-leakage correction factor for carrying capacity 
L = axial length of bearing, in. 

m = eccentricity modulus = 1/(1 — c) 
N = rotative speed of journal, rpm 

p = oil-film pressure at angle @, lb per sq in. 

», = lubricating-oil supply pressure, lb per sq in. gage 
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applied load per unit of projected bearing area, lb per 
sq in. 
P’ = reduced expression for bearing pressure 
= (P/uN)(n/a)*, nondimensional - 


Q = volume of oil flowing axially through bearing, cu in. per 
sec 
Q’ = reduced expression for oil flow = Qul/p,an', nondi- 
mensional 
S = total friction power of bearing, in-lb per sec 
s = friction power per unit bearing surface, in-lb per sq in. 
per sec 
T = friction torque acting on journal, lb-in. per in. of axial 
length 
T’ = reduced expression for friction torque = (7'/uNa?)(n/a) 
nondimensional 
V = rubbing speed of journal and bearing, in. per sec 
a = viscosity, centipoises 
\ = (kinematic viscosity, centistokes) X (specific gravity) 
8 = angle subtended by effective bearing arc, deg 
y = volumetric heat capacity of oil, in-lb per cu in. per deg F 
n = radial clearance, in. 
6 = angle measured in the direction of rotation from line 


of centers of bearing and journal 


6; = angle @ measured to point of maximum film pressure 
»X = coefficient of journal friction 
wu = absolute viscosity, lb-in-see units = Z/6,900,000 


The so-called eccentricity modulus m has been used in prefer- 
ence to eccentricity c for purposes of graphical representation. 
Both load and friction theoretically approach infinity as ¢ ap- 
proaches unity. Since these relations are asymptotic, ¢ is an 
inconvenient variable when eccentricity is high, say above 0.9. 
By substituting m = 1/(1 —c), an open scale is secured through- 
out. The variation of both load and friction with m is gradual, 
and nearly enough linear to facilitate interpolation. Minimum 
film thickness is also easily expressed in these terms, i.e., ho = 
n/m. 

BEARING PRESSURE AND ECCENTRICITY 


One of the familiar expressions in lubrication theory is the 
nondimensional group here designated as 


The expression is developed from the basic equations for oil-film 
pressure, which need not be reviewed here. It meets the require- 
ment of a nondimensional group proportional to bearing pressure 
As ordinarily used, P’ will include a leakage factor appropriate 
for the particular case; P’, will refer to the corresponding bear- 
ing without end leakage. 

It has already been remarked that pressure distribution in a 
complete bearing does not resemble that of the theoretical 360- 
deg bearing. Load-carrying capacity as a function of eccentric- 
ity must be found with reference to conditions approximately 
as they actually exist. Attempting to determine the relation of 
P’ to m, for bearings of various L/D ratios, data of the following 
kinds were referred to and utilized in part: 

1 Carrying capacities of partial bearings. Capacities of both 
central and offset types are given by Howarth (1)*. Capacities 
of offset bearings up to m = 40 are given by Barber and Daven- 
port (2). Capacities of 120-deg central bearings up to m = 
100 are given by Needs (3). 

2 Leakage factors, to be applied to carrying capacities. 
Factors suitable to low values of m, and to flat plates under cer- 
tain conditions, are given by Kingsbury (4). New factors, com- 


2 Numbers in parentheses refer to bibliography at end of paper. 
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pletely changing the aspect of bearings operating with high eccen- 
tricity, have been recently given by Needs (3). 

3 Experimental data, showing the extent of the active are 
and film pressure distribution in actual complete bearings. Such 
data are given by Bradford and Grunder (5), and by McKee and 
McKee (6). Similar data for film-lubricated bearings at ex- 
tremely high eccentricities are given by Stanton (7). 

Finally, friction tests of film-lubricated complete bearings were 
referred to as a means of choosing between two alternative ver- 
sions of the load-eccentricity relationship. 

Experimental results agree in showing that the actual behavior 
is that of an offset partial bearing. ‘Therefore, the central- 
bearing-capacity data were set aside, and attention was confined 
to selecting the proper method of applying leakage factors to 
offset-bearing capacities. 

In passing, it should be remarked that the series of offset bear- 
ings referred to is that described by Howarth (1). The offset 
positions are determined in accordance with a somewhat arbi- 
trary rule, though a very convenient one. However, these offset 
positions are not those of maximum capacity for given eccentric- 
ity, falling short by several per cent. Whether the offsets actu- 
ally occurring correspond more closely to maximum capacity, 
or to the Howarth rule, is not known. At most, the assump- 
tion might lead to a slight underrating of bearing capacity. 

Two procedures for applying leakage factors were considered. 
These are outlined briefly as (A) and (B): 

(A) This procedure is illustrated in Fig. 2. It is based upon 
the Kingsbury leakage factors, together with capacity data for 
partial offset bearings of varying effective arc. Taking any one 
length/diameter ratio (in this case L/D = 1), the proportions of 
the film-pressure area, and hence the factor K, are determined 
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Fig. 2. APPLICATION OF LEAKAGE Factors, METHOD A 


[Factors K from Kingsbury (4); L/D = 1; m = 20; P’o from Barber and 
Davenport (2).] 


by 8. The figure shows the variation of K between 6 = 0 
and 8 = 180 deg. 

Likewise, P’,, is a function of 8; this has been plotted form = 
20 (c = 0.95). The factor K decreases with 8, while P’, in- 
creases. Their product P’ = AP’, consequently attains a 
maximum at some intermediate are; in this case at 8 = 67 deg, 
where P’ = 1.16. According to this procedure, these figures for 
8 and P’ are adopted as representing the probable effective arc 
and capacity, respectively, for the case considered. Are 8, so 
determined, was found to vary from a minimum of about 26 deg 
for a short bearing with high eccentricity to a maximum of about 
160 deg under the converse conditions. 

The Needs leakage factors were considered unsuited to this 
purpose, since 8 varies widely from 120 deg, the are for which 
they were experimentally determined. 

(B) The Needs leakage factors were applied to P’,, for 120- 
deg offset bearings. While the leakage factors were derived for 
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120-deg central bearings, Needs (3) suggests their suitability for 
other types. No considerable error was expected in applying the 
same factors to offset bearings of equal arc. This method as- 
sumes that 8 is always about 120 deg instead of varying widely as 
in (A). 

On comparing the respective results with experimental data, 
method (B) was found to agree more closely with fact and was 
adopted. Active ares under usual conditions have been found 
to lie between 90 deg and 150 deg. Further confirmation is 
found in the friction data, which on the whole fit the results of 
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Fie. CarryiInG Capacities oF IpEAL CENTRAL AND OFF- 
Set BearRInGs 


{Central-bearing data from Needs (3); offset bearing data from Barber and 
Davenport (2).] 
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Fie. 4 LeaxaGgs Factoxs ror CARRYING Capacity oF 120-Dze 
PaRTIAL BEARINGS aS GIVEN BY NEEDs (3) 


(B) better than those of (A). The reference to method (A) has 
been included because it perhaps represents qualitatively the 
behavior of bearings under extreme conditions, especially short 
bearings at high eccentricities. In Stanton’s tests (7), where c 
was 0.9906 to 0.9984, 8 was 14 deg to 29 deg, approximately, 
for various cases. The attempt to use the method in calcula- 
tion is hampered by a lack of suitable load factors K. 

Details of the application of leakage factors according to 
method (B) require little comment. Basic capacities P’. for 
120-deg offset bearings, plotted against m, are given in Fig. 3. 
The corresponding curve for central bearings is also shown for 
comparison, indicating the excess capacity due to the offset as- 
sumption as adopted. The difference becomes large only when 
m = 10 ormore. Needs (3) quotes values of K varying with ¢ 
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and with the length-width ratio 1/w. To convert these ratios 
to the terminology used in this paper, note that w = L andl = 
xD/3. Hence L/D = 1.048/(l/w). The factor K is shown by 
Fig. 4, plotted to a logarithmic scale on a base c, to facilitate 
interpolation at high eccentricities. 
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Fie. 5 Design CHART SHOWING RELATIONSHIP OF PRESSURE, 
FRICTION, AND O1rt-FLow FuncTIons To ECCENTRICITY 


The groups of curves at the bottom of Figs. 5 and 5a express 
the results in terms of P’ as a function of mand L/D. They de- 
scribe the relation of eccentricity to load, in accordance with the 
assumptions. Friction will now be dealt with in a similar man- 
ner. 


FRIcTION TORQUE AND EccENTRICITY 


It was previously remarked that the friction torque to be 
overcome in rotating a journal is explicitly related to eccen- 
tricity. It is only incidentally related to the applied load, and 
the coefficient of friction \ is at best a by-product of the analysis 
and of dubious value.* Torque as a function of c (or m) will 


3 The familiar diagram, \ versus ZN /P, is open to criticism on sev- 
eral counts. The reciprocal of bearing pressure is no more service- 
able in bearing-load calculations than would be the reciprocal of 
stress (square inches per pound) in any strength calculation. Its use 
in graphic representation causes the significant part of the data to be 
compressed into a narrow corner, to an unreadable scale, while the 
greater part of the diagram is given over to pressures falling beneath 
the level of practical usefulness. 

The coefficient \, tending as it does toward infinity at small loads, 
is likely to obscure the nature of variations in bearing friction. Fric- 
tion torque passes through three well-defined phases as load is pro- 
gressively applied: (a) an initial figure for the unloaded bearing, 
(b) a gradual rise as load is increased, within the limits of film lubrica- 
tion, and (c) an abrupt rise when incipient metallic contact begins. 
A rough analogy with the ordinary tensile test of a structural material 
is noticeable. The three phases in that case become, respectively: 
(a) unstressed length, (b) elastic extension, and (c) yield. 


therefore be calculated consistently with the load computations 
already made and expressed in nondimensional form. More at- 
tention will have to be given to analytical details than in the 
case of P’. 

The elementary equation for tangential frictional force per 
unit of area on the journal surface is (1) 


h 2a dé 


The first term of the right-hand member of Equation [2] arises 
from viscous friction only. The second term arises from cir- 
cumferential pressure variations only. For the present case it 
is desirable to develop the two terms separately. The subscript 
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v will refer to the viscous friction and the subscript p to the 
pressure friction. 

Following the assumptions already stated, since the clearance 
space is completely filled with oil, viscous friction should exist 
around the whole circumference. But since only 120 deg of are 
is active in the supporting load, pressure friction will be confined 
to this region. Each part of the torque will be calculated sepa- 
rately, and the two then added. 

Viscous Friction. Referring to Fig. 6, note that h = (1 + 
ccos Also V.= 2raN/60 in. per sec. Therefore 


2ruNa 1 
60n (1 +c cos 6) 


Now T, = viscous-friction torque per unit length and d7’, =f, a°d@. 
Therefore 


and 


60n o (1 +c cos 6) 


which upon integration between limits becomes 


= uNa® x? 1 
n 15 — 


Now introducing the dimensionless counterpart of torque per 
unit of length, that is 
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its value in terms of c becomes 


In order that this amount of friction shall be present, it is 
only necessary that the clearance be filled with oil. Since this 
condition is assumed, 7’, will occur unmodified, irrespective of 
length. . 

A special case is that of the unloaded journal. Since c = 0 
T’, = x*/15 = 0.6580. This is the whole amount of friction to 
be expected, since dp/d@ = 0. Observation of this limiting value 
of 7’, either directly or by extrapolation, is a sensitive check 
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me + cos 4; sin sin 63 
1— c? l+ccos% 1+ ccos 
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— ——— | tan 
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V1 —c? tan 3 4; 
tan |... [10] 
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The angles 6;, 4;, and 6, in the foregoing expressions are as de- 
fined in Fig. 6. The angle 6,, from the line of centers to the point 
of maximum pressure is defined for this series of offset bearings 
(1) by 
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Pressure Friction. 
Equation [2] 


Taking the second right-hand term of 


f h dp 6] 
» 2a do 
The expression for dp/dé (1) is 
dp 6uVa | c(cos @ — cos 
dé n? (1 +c cos 


Substituting as before to eliminate h and V, and reducing in terms 
of dT, 


Na’ s 0 — cos 0 
dT, = x | c(co cos 4 [8] 
n (1 + cos 6)? 
Replacing T, by T’, 
04 
(9) 
(1 + ¢ cos 6)? 


This integration may be per’ormed either graphically or analyti- 
cally. In spite of its lengthy appearance, the analytical expression 
is preferable especially for high eccentricities. This expression 
is 


The angles 6; and 4, define the limits of the active arc; in this 
case 6, — 0; = 120 deg. Equation [10] is to be solved using the 
same limits, since it is assumed that dp/d@ = 0 outside this 
region. Further data needed to fix 6; and 6, include the angle 
¢ and the ratio a/8 shown in Fig. 6; the information is given in 
the sources mentioned (1, 2). 

Fig. 7 gives the solution of Equation [10] for eccentricities 
up to m 40. The foregoing derivation takes no account of 
end leakage; hence, the torque found is that of the infinitely 
long bearing, and is designated in Fig. 7 as T’,,.. The same figure 
shows 7’, from Equation [5]. The dominant part played by 
viscous friction is apparent. 


LEAKAGE Facrors APPLIED TO FRICTION 


Viscous friction 7’, is unaffected by end leakage. On the 
other hand, 7’, is modified by leakage in the same sense that 
load capacity P’ is modified. Hence, the same factors K, already 
used, can be applied to T’, with negligible error.‘ This being 
so, the total friction in a given case becomes 


4 Strictly, the condition for employing K is that the shape of the 
circumferential mean-film-pressure curve, with leakage, shall be 
similar to that without leakage, the ordinates merely being reduced. 
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Fic. 8 EXPERIMENTAL CORRELATION OF LOAD AND FRICTION FOR 
Various L/D Ratios 
[Data from McKee and McKee (8, 9).] 
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Fic. 9 EXPERIMENTAL CORRELATION OF LOAD-FRICTION AND LOAD- 
EccENnTRICITY 


[Fig. a from data by McKee and McKee (8); Figs. b and c from data by 
Barber and Davenport (2); and Fig. d from data by Stanton (7).] 
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Figs. 5 and 5a show the values for 7’ corresponding to the P’ 
curves, for the range covered in each figure. 

The diagrams then fully represent the relationships of P’, 
T’, and m in accordance with the chosen assumptions. Ordi- 
narily the design data serve to determine P’. Then m and T"’ 
may be read at once from the chart. The corresponding physi- 
cal quantities (running position or film thickness and friction 
torque) follow by simple ealculation. 

While a diagram of the type of Fig. 5 is dimensionally in ac- 
cord with film theory, it is apparent that the exact location of the 
curves is the outcome of an arbitrary choice of assumptions. 
Two possible alternatives were discussed early in the paper, and 
others may suggest themselves. Yet it is probable that the 
diagram cannot at present be constructed in an entirely satis- 
factory manner from analytical data. The assumptions adopted, 
following method (B), are those which lead on the whole to a 
better agreement with experimental results. 
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Fie. 10 EXxpERIMENTAL CORRELATION OF THIN-FiLM Loap-FRIc- 
TION RESULTS 
[Data from McKee and McKee (10).] 


The data of Figs. 5 and 5a have been tabulated for reference in 
Appendix 2. 


CORRELATION OF EXPERIMENTAL Data 


The greater part of published experimental data for com- 
plete bearings relate friction to load, and in addition there are a 
few figures relating eccentricity to load. Either can be so repre- 
sented that the extent of departure from the present calculation 
will be apparent. This has been done for the most pertinent 
of available data, and the results are given by Figs. 8, 9, and 10. 
Each test represented is that of a complete bearing, in which the 
clearance was filled either by supplying oil under slight pressure 
or by immersion in a bath. 

To correlate friction results, P’ has been plotted against 7’, the 
eccentricity function m being implicit. Fig. 8, Figs. 9a and 9b, 
and Fig. 10 are of this kind. 

Fig. 8 and Fig. 9a represent the results of McKee and McKee 
for various L/D ratios (8). To Fig. 8d have been added two 
curves taken from earlier results of McKee, namely, those marked 
n/a = 0.00222 and n/a = 0.00044 (9). These represent bearings 
tested after extended running-in, while others in this series were 
not fully run-in at the time of test. 

Fig. 9b gives the data of Barber and Davenport for L/D = 
0.95 and 1.55 (2). 
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Fig. 10 gives some of the data of McKee and McKee for bear- 
ings tested at very low speeds, hence with exceptionally high 
values of P’ (10). 

When viewing the P’-7’ diagram, it should be recalled that 
the characteristic behavior of 7” is to start from a well-defined 
initial value, to rise gradually as P’ increases, and to jump 
abruptly where metallic contact begins. In these figures the 
curves generally have been stopped just short of the critical 
point where the last sudden rise starts, and as a rule they repre- 
sent what appears to have been true film lubrication. The reason 
for thus stopping the curves is that as already mentioned some 
of the bearings, particularly those of McKee and McKee (8), 
were not completely run-in before test. The point at which 
contact begins in a new bearing is no criterion of what may be ex- 
pected in normal service. Some exceptions should be noted. 
In Fig. 8d, the plot of n/a = 0.001 is based on tabulated figures in 
the reference and is extended to show the rapid rise of 7’ near the 
critical point. ‘The same is true of the case n/a = 0.00044 in the 
same figure. Also, in Fig. 10, all points from Tables 1 and 3 
given by McKee and McKee (10) and lying within the scope of 
the chart have been indicated. The bearings were well run-in 
before test. Some of the points show by their location the be- 
ginning of contact. 

Fig. 8c represents the data of Barber and Davenport (2) on ec- 
centricity, for two L/D ratios. 

Fig. 8d gives the results of Stanton (7) under extreme conditions 
not encountered in ordinary bearing design (n/a = 0.020 and 
0.060). The actual effective arcs were only 14 deg to 29 deg. 
Eccentricity was as high as c = 0.9984 (m = 625), yet the load 
was evidently supported by film pressure only. These cases 
illustrate the extreme conditions under which true film lubrication 
may exist. The theoretical curve is merely a rough extrapolation 
of the corresponding P’-m calculation. This diagram inci- 
dentally illustrates the suitability of the present methods in 
representing a wide variety of conditions. 

Referring to the entire group of figures in which a correlation 
with theory has been attempted, several aspects suggest them- 
selves, which can be discussed separately. 

(a) Accuracy of the P’-m Relation. Fig. 8c indicates that at 
L/D = 1.55 agreement is reasonably good, but that at L/D = 
0.95 the theory makes insufficient allowance for end-leakage ef- 
fect. Fig. 8d indicates that at a still higher L/D ratio = 2.50, 
carrying capacity at a given eccentricity is substantially above 
the theory. All of these suggest a steeper L/D correction for 
leakage than has been incorporated in the calculations. The data 
are meager and scattered, and are exceptionally difficult to ob- 
tain. Therefore, though the trend is of interest, it is necessarily 
inconclusive. 

(b) Accuracy of the P’-T’ Relation. A condition which is out- 
standing in each P’-7" diagram is the discrepancy among the 
experimental results themselves. On dimensional grounds alone, 
all tests at a single L/D ratio might be expected to coincide, 
irrespective of their correlation with theory. In no instance does 
this happen. The data for L/D = 1.00 are the most extensive, 
and this case is typical. The following curves in Fig. 8d are 
derived from a single series of tests, all made with bearings in- 
completely run-in: /a = 0.01000, 0.00400, 0.00200, 0.00100, 
0.00065, and 0.00046. Of these, the first two come nearest to 
agreement with the calculated curve. The others, with decreas- 
ing clearance ratio, fall in positions of progressively steeper slope. 
On the same diagram, n/a = 0.00222 and 0.00044 represent bear- 
ings differing from the rest only in the fact of having been run- 
in before testing. These two fall out of their places in the se- 
quence represented by the other six. The former nearly coin- 
cides with the calculated curve. The latter is relatively not as 
steep as n/a = 0.00046. 
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In other words, bearings with large clearance ratios and those 
well run-in come nearest to agreement with theory. Newly 
machined bearings, and those having exceptionally small clear- 
ance ratios, tend to depart from the theory in the direction of in- 
creased friction. Both of these trends are explainable in terms 
of minute roughness of the surfaces. Assuming surfaces of the 
same quality in two cases where n/a = 0.0100 and n/a = 0.00100, 
respectively, the relative importance of minute projections is 
greater in the latter instance. Their effect is to cause the bear- 
ing to behave as if its clearance ratio were smaller than measured. 
The two bearings will perform similarly only after the projec- 
tions are reduced to the point of geometrical similarity, or to 
such proportions that they no longer play any significant part. 

By the same token, surface imperfections will play a smaller 
part if the journal and bearing are themselves relatively large. 
Fig. Sd is based on tests of a journal 11/4 in. in diameter, as 
compared to 2'/2 in. for Fig. 9b. Results in the latter case fall 
somewhat below the calculation. The designer is concerned with 
relatively large bearings normally run-in. For such cases, a better 
agreement with theory is to be expected than under some of the 
exceptional conditions represented in the experiments. 

Fig. 10 presents a fair agreement between theory and experi- 
ment as far as apparent film lubrication extends. When partial 
contact begins, 7’ rises quickly off the scale of the diagram. The 
most systematic departure from the curve is at small values of P’, 
and amounts to about —20 per cent. 

A noticeable feature of many of the tests is a rather close check 
at the initial point 7’) = 7/15 = 0.658. This agreement be- 
speaks the accuracy of the data. The principal exceptions are 
some of the steep curves, for which 7’, as found by extrapola- 
tion is somewhat high. 

(c) Accuracy of the L/D Correction. 
refers principally to the case L/D = 1. The P’-T’ relation is 
somewhat different for other L/D ratios. Inspection of Fig. 8 
and Fig. 9a gives only a rough idea of the suitability of corrections 
incorporated in the calculation. Allowing for apparent dis- 
crepancies in test data, the various L/D ratios correlate with 
theory, roughly, as follows: L/D = 2.8, indeterminate; L/D 
= 9.75 and 0.50, correlation about equal to that for L/D = 1; 
and L/D = 0.25, a wide divergence. The calculations appear 
to be undercorrected for very small L/D ratios. There is 
unfortunately little evidence upon which a realignment of this 
part of the chart might be kased. 

The principal effect of a reduced L/D ratio is not so much to 
alter the P’-7’ relation as to increase the running eccentricity. 
Friction tests do not directly afford information in this regard. 

(d) Limit of Film Lubrication. Film thickness estimated 
from experimental data is often extraordinarily small. Some ex- 
treme cases among those represented in the figures will serve as 
examples. The McKee thin-film data plotted in Fig. 10, indi- 
cate that friction was still determined by laws of fluid lubrication 
about to the limit of that chart, or say to m = 40. Radial clear- 
ance 7 for the babbited bearing was 0.00055 in. Accepting the 
calculated load-eccentricity relation, the film thickness becomes 
h, = 0.00055/40 = 0.000014 in., before breakdown. 

Stanton’s calculated film thickness in the tests represented by 
Fig. 9d ranged from 0.000046 in. to 0.000096 in. 

The well-run-in bearing, 7/a = 0.00222 as given in Fig. 8d, had 
an apparent film thickness hy < 0.000040 in. before contact 
occurred. 

These results agree in placing the order of magnitude of the 
minimum film thickness at 0.00005 in. or less under favorable 
experimental conditions. It is unlikely that any actual design 
could successfully be based upon a film thicknezs of this order. 
Even assuming the surface extremely smooth, questions of align- 
ment and of foreign particles in the oil remain. Hence, the ex- 
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periments do not suggest any particular eccentricity or film 
thickness as being a suitable limit for design purposes. 


Conc.usions From EXPERIMENTAL CORRELATION 


1 Experimental tests of bearings incompletely run-in are in- 
consistent and probably misleading. Not only the critical point 
is affected, but friction is increased throughout the load range. 
Small bearings with low clearance ratio are most affected while 
large bearings with relatively large clearance are least affected. 

2 Correlation between friction experiments and theory is 
fair in the case of well-run-in bearings with an L/D ratio of 0.5 
or higher. The carrying capacity of very short bearings, in 
which L/D = 0.25 approximately, is probably even less than indi- 
cated by Figs. 5 and 5a. 

3 Meager eccentricity data tend to confirm the conclusion 
that very short bearings will operate with higher eccentricity 
than shown by the charts. 

4 Oil-film thickness and running eccentricity can be carried 
to extremes under laboratory conditions which cannot be ac- 
cepted for design purposes. The experimental results do not 
suggest suitable limits for use in design. 

In the continuation, the relations expressed in Figs. 5 and 5a 
will be accepted as a working basis. 


Friction Loss 


The design chart, Fig. 5, is entered by way of the dimensionless 
variable P’, which derives from its physical counterpart, an 
actual bearing pressure P. From the chart is taken 7’, also di- 


mensionless. It is then a simple matter to determine the actual 
friction torque and related figures. From Equation [4] by 
transposition 


= [13] 


where T is expressed in pound-inches per inch of length. 
The total torque for the bearing is LT. Friction power ex- 
pended is 


S = (24 N/60)LT = (x/30)uN*%a*(a/n)LT’...... [14] 


where S is expressed in inch-pounds per second. 
Friction power per unit of bearing surface is 


= S/2naL = (uN*a/60)(a/n)T’.......... 15] 


where s is expressed in inch-pounds per square inch per second. 
This quantity is significant for high-speed bearings subject to 
failure by overheating. 

The relation between the force F and the friction torque LT 
which must be exerted to support it is of interest. Referring to 
Equation [1] 


F = PLD = 2aL [16] 
From Equation [12] 
Dividing and simplifying 


The object of a bearing design is to support the load with a 
minimum exertion of friction torque, hence, this expression in a 
sense measures the quality of the design. Since it is necessarily 
dimensional in character, it is not a true efficiency, and in fact 
no such simple ratio exists. It can be shown that the coefficient 
of friction = 2 (T’/P’)(n/a), but radius a as well as \ enters 
into friction-loss calculations. 

Curves of P’/T’ are plotted in Fig. 11. It is noteworthy that 
a small L/D ratio is very detrimental in this regard, especially 


when a minimum film thickness is to be maintained. A gradual 
improvement in the ratio continues throughout the useful range 
of m. 

The occurrence of n in Equation [18] does not mean that a small 
clearance in general reduces friction loss, since » also enters into 
the computation of P’. 


EXAMINATION OF THE PV Propucr 


A criterion of the severity of bearing loads which has been used 
considerably in the past, and is still persistently used in some 
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quarters, is the PV product, usually (Ib per sq in.) X (fps). 
This is, of course, intended as a measure of the amount of friction 
work per unit of rubbing surface and, were it an accurate measure, 
would be valuable because of its simplicity. Therefore, a com- 
parison will be made between this friction-work criterion and the 
corresponding expression based on this analysis. 

To form the product PV, note that V = 2*Na/60 in. per sec 
and that from Equation [1] 


P = uN(a/n)?P’ 
Therefore 
PV = [19] 


where PV is expressed in inch-pounds per square inch per second. 

The corresponding quantity based on the present calculation 
is s which is given by Equation [15]. At this point it is not pro- 
posed to deal with numerical results derived from either expres- 
sion, but only with their relative behavior under varying condi- 


tions. This is easily done by dividing one into the other. From 
Equations [15] and [19] and simplifying 
PV je = [20] 


In order that PV may fairly measure the intensity of loading, 
this quotient must be constant. The ratio a/n is likely to be 
about equal in bearings for similar services; therefore, its pres- 
ence in the expression does not greatly affect the case. A study 
of Fig. 11 will make it evident, on the other hand, that P’/T’ 
is not even approximately a constant, and that the PV criterion 
is generally untrustworthy. Aside from its inaccuracy as a 
measure of friction, it is misleading as a sole test of a design since 
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OIL AND GAS POWER 


it makes no allowance for the great difference in running eccen- 
tricity due to variation in the L/D ratio. 


THROUGH THE BEARING 


Axial flow of oil, like load and friction, is a function of journal 
eccentricity, and the amount of its variation is too great to be 
ignored. The two limiting cases will serve to illustrate the point. 
Suppose the journal, while stationary, to be held (a) centrally in 
the bearing, so that the clearance forms a crevice of uniform width, 
and (6) in the fully eccentric position, making line contact with 
its bearing. The flow in the second case will be 2.5 times as 
great as in the first. When considering the behavior of a bearing 
lubricated in this or a similar way, it is advisable to take account 
of the effect, even though the method is approximate. This will be 
done by ignoring journal rotation (which undoubtedly somewhat 
retards flow), and also by neglecting the presence of an active bear- 
ing arc, where dynamic pressure predominates over supply pres- 
sure. The latter omission is of little consequence, since the active 
are is generally the zone of least clearance and since some oil is 
also discharged there as leakage. The assumption of laminar 
flow is undoubtedly in accord with fact. 

The equation for viscous flow between flat parallel plates (11) 
is 


in which u = mean oil-flow velocity, in. per sec and p, = oil supply 
pressure, lb per sq in. gage. 


Substituting h = (1 + ¢ cos @) and transposing 
u = (1 + ¢ cos 6)*(p,n?/12uL) 


If Q = oil flow, in. per sec 
dQ = uhadé@ = (p,an*/12uL)(1 + ¢ cos 
and 
p,an* 
=a 1 cos dé 
Q Jo (l+e ) 
Integrating between limits 
3 
6 wl ( 2 
or, grouping nondimensionally 
3 
Q’ = “(1 += a) [23] 
pan 6 2 


The curve of Q’ has been added to Figs. 5 and 5a, enabling 
flow to be estimated in conjunction with other conditions. Re- 
ferring to Fig. 1, it will be recalled that oil flow, like other quanti- 
ties, appertains to one-half of the bearing as shown. 


Mean TEMPERATURE oF O1L 


Expressions for friction work given by Equation [14] and for 
oil flow given by Equation [23], may be combined to give the 
mean oil-temperature rise in passing through the bearing. This 
estimate assumes that all heat generated by friction is dissipated 
in the oil, a condition approached in high-speed engines. 

A typical lubricating oil at the temperature of bearing service 
has approximately a specific heat of 0.47 and a specific gravity 
of 0.915. ‘To fit into the expressions used in this paper, volu- 
metric heat capacity, in mechanical units, is preferred. This 
capacity is -y = 0.47 X 0.915 X 778 X 12/27.7 = 145 in-lb per 
cu in. per deg F. 

The heat capacity so expressed varies only gradually with tem- 
perature. 
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From Equations [14] and [23] 


S = 
= Qy At = Q"(p,an*/uL) At 


Combining and simplifying 


0.00072 (uLNa)? T’ 

Ps Q’ 

where At is expressed in degrees Fahrenheit. 

The coefficient 0.00072 corresponds to the case of a complete 

circumferential groove. Where other means of oil supply are 

used a new coefficient must be estimated, inversely proportional 
to flow. 

Fig. 11 shows the variation of the quotient 7’/Q’. For the 

concentric shaft, 7’,/Q,’ = 2x/5 = 1.257. Between m = 1 
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Fie. 12 Errecr or Centra Groove ON CARRYING CAPACITY AT 
Constant Eccentricity, m = 10 


[The ratio L/D is based on total length in each case. The width of the 
groove has been neglected in plotting curve b.} 


and m = 6, approximately, the ratio drops below its initial value. 
In this region, increase of flow due to eccentricity is greater than 
increase of friction. While Equation [24] is not to be taken as 
accurate, in view of the assumptions involved, it is a serviceable 
means of estimating for design purposes. The adequacy of oil 
supply is measured by temperature rise so expressed. 

The viscosity « wherever it occurs can be taken as the mean 
of its values at entry and at exit. The in-going viscosity being 
known, there is no direct way to solve for the average since the 
viscosity-temperature relation is not easily expressed functionally. 
Equation [24] enables an average to be found by trial and error. 
No experimental results are available for checking Equation 
[24] nor the expression for oil flow, Equation [22]. 


ALTERNATIVE or O11 FEED 


The preceding discussion has assumed that oil is supplied 
through a groove running circumferentially around the bearing 
at a point midway of its length. From the cooling standpoint, 
this is unquestionably the best arrangement that can be made. 
Such bearings are widely used in high-speed engines, and their 
durability under severe loads can only be explained as due to 
evenly distributed forced cooling. The weakness of the design 
is that the effective L/D ratio is cut to about one half, as com- 
pared to the same bearing without a groove. Fig. 5 shows by 
inspection that the grooved bearing will in consequence run with 
a much higher degree of eccentricity than one in which the pres- 
sure surface is unbroken. Success of the grooved-type bearing 
emphasizes the importance of forced cooling, where rubbing 
speeds are say 20 fps or higher. 

The loss in carrying capacity due to a central groove is shown 
by Fig. 12. Both curves are drawn for the same eccentricity, 
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m = 10. Curve (a) is for a bearing of length L in which the 
pressure surface is unbroken while curve (b) is for one of equal 
overall length, but divided by the central groove. The width of 
the groove itself has been neglected. Loss of capacity is great- 
est for cases in which the overall length is already small, and is 
substantial in any case. In so far as it may be done without 
sacrifice of effective cooling, the groove should be avoided. 

Oil Holes. Oil-supply holes drilled in either bearing or jour- 
nal, midway of the length, cause a forced flow across the bearing 
face very similar to that from a groove. The attendant loss of 
carrying capacity is not so great, and can be minimized by locat- 


(a) 
Circumferent- 
ial Groove 


Central 
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Fig. 13 AULTsRNATIVE PressurE LuBRICATION SCHEMES SHOWING 
DistTRIBUTION oF FLow 


ing the holes outside of regions where the load diagram shows 
that high pressures are to be expected. 

The preceding discussion of oil flow assumed a continuous 
groove. Where holes are substituted, the capacity for flow, and 
hence for cooling, is usually reduced. It is desirable to compare 
the two systems in a roughly quantitative way, and this has been 
done in Appendix 1 with the following results. 

Let L equal the half-length of the bearing, and assume an 
opening of radius r on the center line as shown in Fig. 136. 
Note that this radius is that at which the rounded opening be- 
comes tangent with the surface. Flow from such an opening can 
be expressed in terms of an equivalent length z of the cireumfer- 
ential groove, about as follows: 


r/L 
0.025 0.68 
0.050 0.82 
0.100 1.04 
0.150 1.23 


The circumference being «D, the number of holes equivalent to 
a complete groove is rD/z. It is usually not possible to use this 
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number, at least not without defeating the original purpose. 
The restriction can be offset by an increase of clearance, but some 
loss of cooling is unavoidable. 

Axial Grooves. Oil grooves cut axially and extending along the 
bearing to a point near each end as shown in Fig. 13¢ appear to 
serve no purpose that cannot be better served without them. 
The same is true of diagonal grooves and of recesses or pockets 
at the parting line. It is sometimes argued that an axial groove 
when properly located supplies oil where it will be swept into the 
region of high pressure. This viewpoint overlooks the fact that 
in a pressure-fed bearing the clearance is continuously filled with 
oil and a surplus is being discharged at the ends. An amount 
in excess of that needed to fill the clearance cannot play a part 
in forming the load-supporting film and is merely superfluous. 
Hence, there is a loss of carrying capacity at one point of the 
circumference, without a compensating gain. 

With regard to cooling, the axial groove is ineffective. The 
flowing oil takes the easiest path, which is through the groove 
to its end, rather than across the bearing face. Therefore, rela- 
tively little oil is forced to take a route such that it will efficiently 
remove heat from the metal surfaces. 

The type of flow to be expected with each oil-feed system is indi- 
cated in Fig. 13. 


APPLICATION OF DESIGN CHARTS 


The charts may be applied to any case for which the usual de- 
sign figures are known. It is customary to calculate pressure 
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Fig. 14 ANALysis or Two DigseL-ENGINE CENTER MAIN BEARINGS 


at crank-angle positions throughout the cycle. When the running 
speed, clearance ratio, and oil viscosity at the estimated operating 
temperature are given, the corresponding P’, m, and T’ can be 
found. 

Fig. 14 illustrates this application in two cases. Each repre- 
sents the center main bearing of a four-cycle engine, the load cycle 
being completed in a 360-deg crank angle. Fig. 14a is taken from 
a high-speed engine while Fig. 14b is taken from a low-speed 
engine. In some respects these cases are typical. On inspection 
(a) appears to be less severely loaded; P’, m, and (to a less de- 
gree) 7’, are alllower. The great difference in the two conditions 
is in the friction power generated per unit of surface, that is, in 
s as given by Equation [15]. Some of the pertinent data for 
each case are given by Table 1. The mean value of T’ is obtained 
with a planimeter from Fig. 14. 
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OIL AND GAS POWER 


TABLE 1 ENGINE MAIN-BEARING DATA. (FIG. 14) 
Running speed, rpm..... ; . 850 230 
Shaft radius a, in............ : 3.484 5.000 
Radial clearance », in....... ; 0.00294 0.0050 
Oil viscosity Z, centipoises... . —_ 60 47 
Oil viscosity yw, absolute......... . 9.2 X 10-6 6.8 X 
Bearing effective length Z, in... 3.375 4.09 
L/D 0.484 0.390 
Eccentricity modulus (max) m,... ag 4.7 8.8 
Film thickness (min) ho, in......... 0.00063 0.00057 

Friction power per unit surface s in-lb per 
sq in. per sec........ 447 41 


With reference to Table 1, specific friction power s is more than 
ten times greater in case (a) than in case (b). Bearing (6) is in 
practice built with a tin-base babbitt lining, and has a long record 
of trouble-free service. Bearing (a) is lined with a high-lead 
composition. It has a much shorter history than (b). While it 
appears to be successful, it gives evidence of working under severe 
conditions, and a shorter service life is to be expected. 

The described procedure lends itself to a systematic investiga- 
tion of variations in bearing dimensions, clearance ratio, speed, 
viscosity changes due to temperature, etc. 

When applied to a crankpin bearing, allowance should be made 
for the influence of crank-connecting-rod ratio r/l upon relative 
angular velocity. If the normal angular velocity be taken as 
unity, the maximum is (1 + r/l) at top center while the mini- 
mum is (1 — r/J) at bottom center. 


CRITERIA FOR SAFE DESIGN 


Three quantities suggested by this study jointly define the 
character of operating conditions in a given case. Each of these 
should be held within a safe limit to insure satisfactory operation 
and service life. ‘These quantities are (a) the friction power per 
unit of surface s as given by Equation [15], (6) the ratio of mini- 
mum film thickness to shaft radius, h,/a = /am, and (c) the 
mean rise of oil temperature At as given by Equation [24]. 

Quantity (a) defines the severity of service from a standpoint of 
heating alone, a frequent cause of failure in bearings operating at 
high speed. It is proposed to check this aspect of design by s 
in place of PV. The permissible upper limit of s differs accord- 
ing to the type of bearing metal employed. 

Quantity (b) corresponds to the liability to wear, scuffing, etc., 
due to near approach of the surfaces. The ratio ho/a is selected 
in preference to he because potential failure arises from misalign- 
ment, ovality, etc. (defects which generally are proportional to 
the size of bearing) and not from inability of a very thin film to 
function in accord with theory. It was shown that in so far as 
the film itself is concerned, under experimental conditions, 
ho may be far smaller than could be permitted in practice. There- 
fore, a suitable lower limit can be based upon service experience 
only. When a bearing is to be designed for operation at widely 
varying speeds, h)/a is more likely to be fixed by the low-speed 
condition than by the high-speed condition. 

Quantity (c) determines the adequacy of oil circulation. An 
upper limit should be set, independent of materials or other condi- 
tions. 

In order to establish a numerical figure for each of these limits, 
to be suitable for general application, it would be necessary to 
review a wide variety of cases. The examples to be considered 
should include successful, unsuccessful, and border-line types. 
There has been no opportunity for such an investigation, and no 
figures can be quoted with confidence. This is especially true 
of the heating function s, since metals commonly used differ 
widely in their capacities. For ho/a, a low limit of 0.00010 is 
suggested, and for At, a value of not over 50 F. 

When a design is undertaken which departs in some respects 
from previous practice, there are usually at hand sufficient data 
on bearings already known to be successful in the kind of service 
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contemplated. Should it be possible to adhere in the proposed 
type to a set of limits defined by calculation of known cases, 
equally satisfactory results can be expected. 


CONCLUSION 


The described procedure is believed to be a satisfactory ap- 
proximate method of applying the data of lubrication theory to 
engine-bearing design. 

The diagrams shown in Figs. 5 and 5a, expressing the results 
of calculation, are in some degree confirmed by friction experi- 
ments. The attempt at correlation is hindered by what appear 
to be inconsistencies in the experimental data. The least satis- 
factory check is at low L/D ratios, for which the actual carrying 
capacity is probably less than indicated by the charts. Further 
experimental and analytical data should permit a more accurate 
detailed construction of these charts. 

Three criteria are proposed which define the operating condi- 
tions of any bearing installation. Insufficient data are at hand to 
permit dependable numerical limits to be quoted. They may be 
established for a particular type of service on the basis of known 
satisfactory examples. 

In closing, the author wishes to acknowledge his indebtedness 
to A. D. Andriola of the Electric Boat Company, Groton, Conn., 
who completed a large proportion of the numerical calculations, 
and who also contributed the expression for T’, as given by 
Equation [10]. He also wishes to express his appreciation of the 
interest shown by E. Nibbs, Chief Engineer of the Electric Boat 
Company. 


Appendix | 


From Cenrrat HoLe 


With reference to Fig. 15, the relative rates of flow from a cir- 
cular hole of effective radius r and from a continuous groove, re- 


Fie. 15 From a CentTRAL O1n 


spectively, are found by considering two flat parallel plates, the 
circumferential variation of h being ignored. 

Actual paths of flow will follow a rather complex series of 
curves. As a rough approximation, this curvature is neglected, 
and oil is assumed to flow radially in straight lines to the edge of 
the bearing. The half-length ZL is taken equal to unity. 

Let dQ be an element of volume flowing along the path da. 
From Equation [21], taking the distance z along the path of flow 


dp _ 12s 
dz h? 


Now u = dQ/dA, in which A = flow section and dA = hzda. 
Substituting 
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dp (i) dQ 1 Appendix 2 
dx h? } daz TABLE 2 DATA OF FIGS. 5 AND 5a 
By integration M l 5 10 15 20 25 30 35 40 
c 0 0.800 0.900 0.933 0.950 0.960 0.967 0.971 0.975 
dQ I L/D 
pe =e 01 0 0.023 0.114 0.230 0.40 0.56 0.73 0.91 1.04 
h® da 02 O 0.053 0.228 0.455 0.76 1.03 1.29 1.54 1.72 
in which | = length of path at angle a. Then if 0.5 0 0.161 0.551 1.00 1.47 1.86 2.21 2:46 2.71 
0.195 0.625 1.10 1.56 1.96 2.29 2.56 2.80 
p,h3/12p = B - 08 oO 0.251 0.712 1.20 1.67 2.07 2.40 2.65 2.89 
1.0 60 0.293 0.778 1.27 1.76 2.14 2.48 2.73 2.96 
12 0 0.320 0.825 1.33 1.82 2.22 2.54 2.80 3.03 
dQ = BDa/(log, l/r) 1.5 0 0.349 0.892 1.40 1.90 2.30 2.63 2.88 3.11 
20 0 0.380 0.940 1.47 1.98 2.38 2.70 2.95 3.19 
| 0 0.484 1.084 1.638 2.154 2.540 2.844 3.096 3.32 
(y? + 1) T's 0.658 1.097 1.510 1.834 2.108 2.350 2.570 2.772 2.960 
Tse 0 0.258 0.488 0.677 0.840 0.978 1.103 1.218 1.325 
Bd 
[25] 0.658 1.110 1.562 1.935 2.27 2.57 2.86 3.11 3.35 
(y? + 1) log, (VW (y? + 1) /r 0.2 0.658 1.125 1.613 2.030 2.41 2.75 3.08 3.36 3.63 
0.658 1.160 1.710 2.19 2.62 2.09 3:85 3.67 
The volume of oil Q is found by graphical integra- 0.5 0.658 1.181 1.754 2.24 2.68 3.06 3.42 3.73 4.04 
tion of Equation [25]. T’ {0.6 0.658 1.203 1.786 2.28 2.72 3.10 3.46 3.77 4.08 
. ; . 0.8 0.658 1.232 1.829 2.33 2.77 3.14 3.50 3.82 4.11 
the groove itself, and since L = 1, the flow per unit 1.5 0.658 1.284 1.904 2.41 2.85 3.23 3.58 390 4.19 
of peripheral length is 2:0 0.658 1.301 1.931 2.44 2.88 3.27 3.62 3.93 4.23 
o 0.658 1.355 1.998 2.511 2.948 3.328 3.673 3.990 4.285 
Q = p,h*/l2u = B Q’ 0.524 1.028 1.160 1.210 1.232 1.249 1.260 1.263 1.270 


The desired result is the number of units of peripheral length 
of groove equivalent to an opening of radius r, which is given 
by Q/Q:, or can be found by eliminating B from Equation [25]. 
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Locomotive and Car Journal Lubrication 


By E. S. PEARCE,' INDIANAPOLIS, IND. 


This paper discusses the economic significance of rail- 
road-journal lubrication and reports on researches made 
on the causes of failure and development of remedies 
therefor as pertain to design, materials, and operating 
practices. 


HE subject of railroad lubrication should not be viewed 

in the light of locomotive miles per pint of valve oil or 

car oil, or per pound of grease, or car miles per pint of oil, 

or even these figures equated to dollars and cents and expressed 
in cost of lubrication per thousand miles. 

Such statistics and the practice of measuring efficiency on this 
basis obscure entirely the economic purpose ofdubrication. The 
object of lubrication is to insure continuity and dependability of 
operation of the various units of railroad rolling stock, and reduce 
friction and consequent wear resulting from operation. Lubrica- 
tion costs as such are incidental. They are the premium on in- 
surance against the effects of wear. 

Railroad rolling-stock lubrication is divided into two general 
classes: 

(1) Car lubrication, which may be subdivided into lubrica- 
tion of freight cars and lubrication of passenger cars. All journal 
lubrication of this class uses oil and waste. 

(2) Locomotive lubrication, which may be divided as follows: 


(a) Lubrication of steam cylinders and valves of the loco- 
motive, booster, air pump, and feedwater heater in which 
oil fed by some mechanical means is used 

(b) Lubrication of machinery of valve motion, guides, and 
crossheads in which oil fed by some mechanical means 
is used 

(c) Lubrication of driving journals and main and side-rod 
bearings, in which hard grease is used and the heat of 
the bearing makes it possible to feed the grease in a 
liquid state. This is also journal lubrication. 

(d) Lubrication of engine and trailer trucks and tender 
journals, in which oil and waste are used in the same 
manner as with cars, and 

(e) A type fast growing in importance, which may be classi- 
fied under the general term of automotive lubrication 
such as lubrication of internal-combustion engines with 
oil. 

These classes may be regrouped into two, viz., the lubrication 
of journals, and the lubrication of pistons, cylinders, valves, 
and connected parts. One may be considered the lubrication of 
load-carrying parts and the other the lubrication of power- 
generating parts. 


1 President, Railway Service and Supply Corporation. Mr. Pearce 
was graduated from Purdue University, department of mechanical 
engineering. He has seen active railroad service in the mechanical 
and transportation departments. At one time he was mechanical en- 
gineer of the C.C.C. & St.L.Ry. Co. He has specialized in railroad 
lubrication service. 

Contributed by the Railroad Division for presentation at the 
Annual Meeting of THe AmprRICAN Society or Mgcuanicat ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Journal lubrication has nothing in common with other classes 
of railroad lubrication and has little in common with industrial 
practice, for which reason it has received little consideration 
from the standpoint of research and development. It is not 
contended that everything is known on the subject of lubrication 
of valves, cylinders, and pistons of steam engines and internal- 
combustion engines, but considerably more is known of this form 
than of journal lubrication. To the general class of journal 
lubrication this paper is primarily addressed. 

From the publication Railroad Facts, 1934 edition, published 
by the Western Railroads Committee on Public Relations, con- 
sidering the statistics for 1926 as normal, we find that the class-1 
railroads make annually 3,800,000,000 passenger-car miles and 
28,600,000,000 freight-car miles. This service is performed with 
62,000 locor:otives, 2,348,000 freight-cars, and 54,000 passenger- 
train cars. Roughly, therefore, journal lubrication involves the 
performance of some 20,500,000 journals. 

Each journal has a bearing, and all but a relatively small per- 
centage are produced by bronze-casting manufacturers. The 
following, is taken from a report of the Copper and Brass Re- 
search Association, March 16, 1931, entitled—‘‘A Survey of the 
Bearing and Bushing Industry.” 

From data which we have obtained, it is evident that the annual 
turnover of copper in the bearing market is in excess of 300,000,000 
pounds. More than two-thirds of the total is accounted for by the 


railroad industry, a market whose extent can be figured with a fair 
degree of accuracy. 


This publication then estimates that there are in service on 
railroad cars and locomotives 370.000 tons of bearing bronze 
of which 260,000 tons, or 70 per cent, are journal bearings on cars 
and locomotives. 

The annual turnover of this 260,000 tons amounts to 70,500 
tons or 27 per cent. Of this total 56,255 tons or 80 per cent are 
freight-car bearings. On a basis of 5'/; X 10 journal bearings 
weighing 25 lb, this means the removal and application of 4,100,- 
000 journal bearings annually, or about two per car per year. 

To check this figure a survey was made for a period of three 
years on two class-1 Eastern railroads, and it was found that, 
on the basis of 10,000 freight-car miles, one railroad used from 
2.6 to 2.96 bearings per car and the other from 1.97 to 2.54. 
Passenger cars on one railroad on the same basis of 10,000 miles 
used from 1.28 to 1.4 bearings per car and another from 0.99 to 
1.43. But in this connection it should be recognized that a pas- 
senger car makes in one year’s time from eight to ten times the 
mileage of a freight car and, therefore, on a yearly basis the 
number of passenger-car bearings consumed per car was consider- 
ably greater than that of freight-car bearings. 

During the same period, on these two railroads, on the basis of 
10,000 freight-car-miles, from 1.8 to 3.25 gal of car oil was used, 
and on the basis of 10,000 passenger-car miles, from 1.54 to 3.35 
gal. It is interesting to note that more oil did not mean fewer 
bearings. 

The degree to which lubrication failures contribute to the num- 
ber of wheel changes on a railroad presents two interesting 
conclusions. On one railroad, where 12,000 pairs of wheels were 
removed per year in running repairs, it was found that from 20 to 
40 per cent, depending on the season, were removed for cut 
journals only, the remaining 60 to 80 per cent for other defects, 
practically all those of the wheel. This illustrates the percentage 
by which a considerable item of indirect expense would be reduced 


37 


- 
| 
q 
= 
- 
ear 
: 


38 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


by improved lubrication. It emphasizes the fact that any me- 
chanical innovations conducive to improved journal performance 
must not complicate or decrease the facility with which wheels 
can be changed. 

To arrive at the relative operating significance of lubricating 
costs there are two elements to consider: 

(1) Direct cost of lubricating materials and the labor of 
applying and handling. 

(2) Indirect cost due to wear and replacement of parts; 
failure of units due to inoperative conditions of bearings; exces- 
sive use of power due to unnecessary friction; and the resultant 
extent to which the deficiencies of lubrication, due to the ac- 
cumulative effect of the foregoing conditions, become a limiting 
factor in the operation of the units of rolling stock on the railroads. 


Fie. 1 


As all railroad costs are predicated on I.C.C. accounting rules 
and regulations, it is unfortunate that specific cost data are not 
available on these items. It would, therefore, be necessary to 
make specific studies, but it is safe to say that direct lubricating 
costs alone are in excess of $15,000,000 per year. To this must 
be added the cost of bearings and all the other items contained in 
the indirect cost, which to one acquainted with the cost of locomo- 
tive and car repairs is easily recognized as a figure several times 
that of the direct cost of lubrication. 

The present journal bearing box is shown in Figs. 1 and 4. Its 
elements are the axle, journal, bearing, wedge, waste, oil, dust 
guard, lid, and box, each of which has its effect on performance of 
the unit as a whole and upon the maintenance of each other. 
Practically no two elements are the products of one manufacture 
or class of manufacture. The quality or development of one 
feature may be nullified by the deficiency of one or more of the 
others, and all by lack of proper maintenance standards or 
practice of the owner or user. 

The actual situation in regard to the railroad journal bearing 
was summed up in a discussion of a paper on heavy-duty anti- 
friction bearings before The American Society of Mechanical 
Engineers, December, 1928. While it is not represented that the 
quotation was directed specifically to the bearings that are the 
subject of this paper, nevertheless it is extremely applicable. The 
discusser said: 


I admit frankly, from a contact of 22 years with the antifriction- 
bearing business, that if the plain bearing had been developed by 
specialists and always kept in the hands of its friends, our problem 
might not have been so easy as it has been. 

That, I think, is an excellent example of the axiom that what is 
everybody’s business is nobody’s business. Every one has assumed 


that he knew everything that was to be known about a plain bearing, 
and the result has been that there have been too many wrong prin- 
ciples in the design, manufacture, and application of plain bearings. 

The antifriction bearing has been developed by its friends, and 
through that concentration of effort the sum total of all the informa- 
tion which has been available has been disseminated, I think usually 
wisely, for the benefit of the user. 


It may be assumed that the present journal bearing and its 
related parts must have given a great measure of satisfaction 
in the past because it has remained practically unchanged in 
the face of advances in mechanical development in the last 
twenty years. 

The present demand for higher speeds, in some cases with 
heavier loads, and ever-increasing operating periods, has intensi- 
fied the demand that journal performance be improved or be- 
come increasingly a factor in retarding economic railroad opera- 
tion, thus further nullifying the money and effort already invested 
in improvements in equipment, materials, and facilities. 

The railroad journal bearing is of simple mechanical con- 
struction. To date little is known of the fundamentals upon 
which its positive successful operation depends. The first fact. 
in a constructive analysis for the purpose of finding a starting 
point for improvement is that there is no base line from which to 
measure the performance so far obtained nor to measure the degree 
to which performance can be improved, nor the economics of such 
improvements as are developed. It is further evident that guess- 
work has been all too prevalent in the past and is too expensive 
for the future. 


JOURNAL TESTING PLANT 


As little technical information is available, the first step in any 
advancement of the art is to provide adequate means of observing 
and collecting data representative of operating conditions. It is 
also necessary to have means of measuring the nature and the 
degree to which various elements of bearing construction, lubri- 
cation, and operation affect the performance as a whole and 
the performance of each other. 

In order te collect bearing data to provide means by which this 
improvement can be charted and its economic value measured, 
the journal testing plant here described was put in operation some 
five years ago and has been in continuous operation since that 
time. 

While it seemed at the time the building of this plant was under 
consideration there was ample justification for such a step, the 
results so far achieved made the original considerations seem of 
insignificant consequence. 

Figs. 2, 3, and 4 show the front, rear, and right side, respec- 
tively of the main testing unit. Fig. 5 shows the control-room 
equipment. 

The plant consists of a unit using a standard A.A.R. 5'/; X 10- 
in. axle, journal, brass, wedge, and box, the standard construc- 
tion in general use on one end of a standard A.A.R. axle. This 
axle is supported by two large roller bearings that are flood- 
lubricated by individual pumps for each bearing, circulating 
a stream of oil through the bearing and a cooling system 
in order that conditions may be held constant. At the end of the 
axle opposite the test-journal assembly is a calibrated motor of 
ample size to start under any condition of load up to 30,000 lb per 
journal and operate under this or any other load at any speed and 
at any rate of acceleration. The load on the journal is applied 
to the top of the journal box in the conventional manner as in 
actual service, through a coil spring and equalizer bar connected 
to a suitable lever arrangement, in which the imposed load is 
balanced on the platform of an indicating scale. In this manner 
the load can be varied to any degree at any time and is accurately 
measured. 

Accurate calibration of the plant has established correction 
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factors for all conditions of load, speed, and temperature. By 
virtue of the calibrated motor driving the axle there is recorded 
in the control room directly the reading as to the power con- 
sumed. Indexed with this chart is a record also of speed. Tem- 
perature readings are taken at three points within the bearing, 
and by a suitable thermocouple arrangement the film tempera- 
ture between the journal and bearing surfaces is taken also at 
three points, as well as the temperature of the journal packing 
in the box beneath the journal. Duplicate readings are taken on 
standard instruments. 


Fie. 3 


Openings are cut in the box in such a manner that observation 
of the journal in its relation to the bearing is possible at all times. 
In order that journal operation may be observed at low tem- 
peratures, a standard 5'/; X 10-in. journal box is surrounded 
by a suitable jacket connected to a refrigerating unit so that the 
temperature of the box may be lowered as desired. Fig. 6 shows 
the method of operation under this condition. 

The equipment was built to take the standard 5'/; X 10-in. 
journal and journal box assembly instead of a 5 X 9-in. or 6 X 11- 


in. because a survey showed that this size represented the one 
used on the majority of equipment in this country. Another 
reason was to eliminate the criticism that has heretofore existed 
when the mechanical effect of friction has been determined on 
small-scale equipment and the results equated to that of actual 
practice. 
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With this equipment the reliability of any specific element of 
journal operation can be established. Any single factor affect- 
ing the operation such as speed, load, temperature, kind of oil, 
kind of waste, and construction or composition of bearing can 
be varied at a time and all others held constant. 


involving change of speed alone are run, an eight-hour run is 
made at each speed, usually 5, 10, 30, 50, and 70 mph. The 
machine is operated continuously during this period for eight 
hours at each speed; complete observations are made of all tem- 
peratures. Charts of speed and power consumed are also made. 
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BEARINGS 


In railroad practice it has been a long-disputed question 
whether bearings should be broached before application or 
applied to the journal rough and unbroached. The first few 
hours of operation with any plain bearing are the most critical. 

The usual industrial practice after the bearing has been properly 
broached, scraped, and fitted is to restrict the speed and load to 
which the bearing is subjected until the bearing has had an oppor- 
tunity to wear in. The railroad journal bearing, and particu- 
larly the car journal bearing, cannot be subjected to a controlled 
condition of restricted speed and load because of the peculiar con- 
ditions of railroad operation. Immediately on its application it 
must take its place with and deliver a performance equal to the 
other bearings under whatever condition of load and speed may 
be required. Therefore, the railroad bearing should be ade- 
quately prepared since its satisfactory operation in severe service 
is of first importance. 

The practice of broaching car journal bearings by the manu- 
facturer or the user has been quite general’ However, the 
economy and justification for this operation have been open to 
question, in view of the fact that many bearings so prepared fail 
during the initial service period. In some cases this has led to 
abandoning broaching and applying rough bearings directly to 
the journal. Unfortunately, a distinction has never been made 
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between the service results of bearings unbroached, bearings ini- 
properly broached, and bearings properly broached. Obvicusly, 
until such performance data are available, conclusions as to 
the merits of broaching and the performance of the car journal 
bearing compared with other bearings have been founded on false 
assumptions. 

In recognition of these facts, a prolonged study of the influence 
of broaching on the performance of car journal bearings was the 
initial work undertaken. The results of the study may be illus- 
trated by the performance of three bearings selected at random 
from a lot of one hundred new bearings. 

Fig. 7 shows these three 5'/. X 10-in. A.A.R. bearings as re- 
ceived from the manufacturer unbroached, and Fig. 8, the same 
bearings operating under a total load of 16,375 lb; Bearing 1, 
was operated for 19 min at 30 mph, bearing 2 for 26 min at 30 
mph, and bearing 3 for 30 min at 30 mph and for 9 min at 20 mph. 
These bearings were removed because of excessive heat and wip- 
ing of the journal lining. Temperatures of the bearings at the 
end of the periods of service were approximately 380 F. During 
the period of operation the bearings showed a frictional resistance 
of from 7.94 to 9.74 lb per ton. 
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Fig. 9 shows the same three bearings after the first test, 
broached in the usual manner. The bearings were again sub- 
jected to the same conditions of load at the same speeds. Bearing 
1 failed after running 30 min at 30 mph and 10 min at 20 mph. 
Bearing 2 failed after running 30 min at 30 mph and 5 min at 20 
mph. Bearing 3 failed after running 30 min at 30 mph and 3 min 
at 20 mph. The maximum period of service obtained from these 
bearings was 40 min. At the time of failure the bearings had 
reached a temperature of approximately 380 F. The effect of 
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the standard method of broaching resulted in frictional resist- 
ance during the interval of operation from 5.21 to 10.8 lb per ton. 
The appearance of the bearings on removal is illustrated in Fig. 
10. 

The same three bearings were again broached by a special 
method and their appearance is illustrated in Fig. 14. Again 
under the same conditions of load and speed these bearings were 
putin operation. Bearings 1, 2, and 3 were run for 30 min at 30 
mph, 30 min at 20 mph, and 120 min at [0 mph. At the end of 
three hours the maximum temperature of these bearings was 
approximately 200 to 220 F. The frictional resistances recorded 
for this period ranged from 0.87 to 2.73 lb per ton. The ap- 
pearance of bearings 1, 2, and 3 on removal is shown in Fig. 12. 

The great improvement in the performance of bearing 3 in the 
last test, which was duplicated by bearings 1 and 2, might suggest 
that considerable expense would be involved to produce such 
results on all bearings. Fortunutel", the final broaching was 
performed at no greater expense than is incurred in the standard 
method of broaching journal bearings. 


MetTuHop or BROACHING BEARINGS 


The method by which the bearings were broached for the last 
test was adequate and proper. This method of broaching con- 
sists in placing the bearing face-up in a special chucking ar- 
rangement shown in Fig. 13, which insures that the bearing 
surface will be broached parallel to the back. The bearing is 
also broached on its exact center. The conditions of the bear- 
ings after service, as shown by a comparison of Figs. 8, 10, and 
12, indicates the effect of this method of broaching as compared 
with the others. The bearing, held in this chuck, is mounted in a 
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broaching machine, illustrated in Fig. 14. The carriage support- 
ing the chuck and its contained load is moved by a hydraulic feed. 
By means of a rapidly revolving cutter, the surface of the bearing 
is broached to a smooth, parallel surface of the desired journal 
radius. The head of the machine containing the rotating cutter 
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head has motion in a vertical direction relative to the table so 
that the bearing may be broached to standard thickness. The 
final operation of cutting the fillet on the brass is performed auto- 
matically. 

The conclusions drawn from the comparisons studied are 
that the proper broaching of bearings is essential to a low co- 
efficient of friction and a satisfactory operation. 


Loap ConpITIONs FOR LUBRICATION 
With the variable of bearing surface eliminated, it is possible to 
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investigate pressure and load conditions under which the bear- 
ing must be lubricated. The usual practice has been to divide 
the projected area of the bearing into the total load and consider 
the resulting load per square inch uniformly distributed over that 
area. By means of suitable drilling to pressure points and con- 
nections thereto of gages, the relation of pressure to speed under 
maximum load was determined. Fig. 15 illustrates a typical 
distribution of pressures as they very longitudinally with speed 
and Fig. 16 the transverse distribution. While these tests were 
in progress, it was noted that the supply of lubricant to, and 
its return from, the bearing was as shown diagrammatically at 


VACUUM “SPEED CURVE vacuum “SPEED CURVE 
§ 08 
} | | | 
£ 0.4+-—+-- +—4 £04 
5 02 30.2 
15 ol | 
0 0 0 30 40 50 60 70 10 20 30 40 50 60 70 
Speed in Mph Journal Load - Lb Speed in Mph 
Vacuum on Unloading Side -- ~ Vacuum on Loading Side 


Vacuum Type Bearing 


Fie. 19 


the left of Fig. 17. Much speculation resulted from the data 
disclosed by these tests. 

Fig. 18 shows the modifications of bearing construction that 
resulted from these speculations as well as certain modifications 
disclosed from an investigation of patent-office records and 
some bearings that were proposed by manufacturers. 

Bearings 1 and 2 show the methods of obtaining film tempera- 
tures and bearings 3 to 7 the pressures. Bearings 8 to 16 
show modifications of bearing area and oil circulation which 
finally developed bearings 18 and 19. Bearings 20 to 25 are sug- 
gested modifications. From this progressive process of investiga- 
tion and elimination resulted the development, of bearing 18. 
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Fig. 19 shows the characteristics of bearing 18. 

The design of bearing 18 was perfected because of the following 
functional advantages over the present standard and other 
modifications tested. As will be seen from the right-hand figure 
of Fig. 17: 


(1) There is sufficient oil stored in the bearing to operate 
for a protracted period without dependence on the packing. 

(2) Lubricant is adequately distributed over the journal 
surface. 

(3) Oil serves both as a lubricant and cooling medium for the 
bearing. 

(4) The circulation of oil through the bearing promotes feed- 
ing from the waste. 

(5) Foreign matter is prevented from getting under the 
bearing and from shutting off the oil supply at the rising side of 
the journal. 


Fig. 20 


(6) End leakage because of oil-wedge pressure is practically 
eliminated, for instead of pressure, as in Fig. 16, there is a vacuum, 
Fig. 19. 


RR-58-1 43 


Over the last three years, several hundred bearings of various 
sizes in actual service in cars, locomotive tenders, engine and 
trailer trucks, and, in three cases, locomotive driving boxes oil 
lubricated, have substantiated the test-plant results. 


The problem of determining the characteristics of the proper 
journal-box lubricating oil does not permit a complete discussion 


Fig. 21 


within either the scope of this paper or the present development of 
the art. 

Generally it may be presumed that the tabulated specification 
requirements of the Association of American Railroads, opera- 
tion and maintenance department, mechanical division, shown in 
Table 1 are representative of present practice. Four kinds of 
oil are covered, summer, winter, all-year, and reclaimed. The 
great majority of freight cars are lubricated with reclaimed oil. 
Oils 1, 2, 3, 4, 5, and 6 are oils that would meet the respective 
season specification with which they are grouped. Certain 
operating characteristics are shown for these six oils to illus- 

trate the divergence of perform- 


TABLE 1 COMPARISON OF SPECIFICATIONS FOR CAR JOURNAL LUBRICATION OIL ance 
Reclaimed 
oil Winter pill Year al oil, There may be a reasonable 
spec. No.1 No.2 spec. No.1 No.2 spec. No.1 No.2 spec. doubt as to whether the conven- 

Flesh (min), edn. a wee’ 300 355 365 300 330 350 300 360 360 250 (min) tional specification constants are 

210 F min desired... of an oil as a lubri- 

min permitted...... 55 1 5 min ae 

100 280 300 160 143 300 290 279 738 pate properly the requirements 

Water, per cont. 10 Trace Trace Tress Trees Trace Trace os of service and differentiate ad- 
arry ma r, per cent......... Trace one ace race Trace Trace ot spec. 

Insoluble impurities, per cent 0.10 Trace Trace 0.10 Trace Trace 0.10 0.5 (vol.) equately - a the degree 

Corrosion loss, 500-br service to which the requirements will be 
Bronze, mg per sq dm..... 17.33 None None No te, ee t 

» Mg per sq Gm.......... é n 

Tar form ng, Per The necessity for two grades 

Friction, kinetic, comparative y of oil, one for winter, the other 
At 5 mph, lb per ton........ 1.79 1.73 1.70 1.57 ee aera for summer, or the substitution 
At 10 mph, lb per ton........ 1.70 1.23 1.52 1.22 f 

At 30 mph, Ib per ton 1:37 1-08 1:26 1-05 oe of a compromise year-around 

At 70 mph; Ib per ton... 1.24 0.93 111 1.01 ie 328 Hz oil, is predicated entirely on the 

delayed feeding of oil from the 

+ A.A.R. spec. M-904-30. waste at low temperatures. The 
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remedy for this lies more in the functional design of the 
bearing than in the characteristics of the oil or waste. 

From a railroad operating standpoint seasonal changes of oil 
on all equipment to get full seasonal benefits are not physically 
possible. In reality boxes packed with winter oil operate in the 
summer and boxes packed with summer oil operate in winter. 
If the theory supporting seasonal oil is correct, most of the rail- 
road journals operate most of the time with the wrong oil. 

To illustrate the degree to which a change in bearing con- 
struction may insure successful lubrication, independent of the 
characteristics of the oil at low temperatures, tests were made. 


Fig. 22 


Four oils of the specifications listed in Table 2 were used in 
packing the box of Fig. 9 with three kinds of waste, making 
twelve separate lots of packing. 


TABLE 2 
Oil Oil Oil Oil 
No. oO. No. 3 No.4 
Viscosity at 210 F...... 54 46 54 51 
Viscosity at 100 F...... 650 215 383 331 
+5 +0 +15 +10 
295 370 395 380 


Twelve tests were made with bearing 18, Fig. 18, and twelve 
with bearing 1. 

In each test the journal was operated at normal atmospheric 
temperature for a period; rotation was stopped under full load 
and the refrigeration unit turned on; temperature within the 
box reduced to —10 F and held more than 12 hr; after which, 
with the temperature at —10 F, operation was started at 30 mph. 

Bearing 1 suffered a complete or partial failure in six out of the 
twelve tests. Those that were successful were with oil No. 3. A 
typical condition of failure is that shown in Fig. 20. Bearing 
1 required some rebroaching after each of the twelve tests. 

Bearing 18 operated successfully and normally throughout all 
twelve tests, and was not removed until all tests were completed. 
Fig. 21 shows the condition of the bearing on removal. 


WASTE AND PackING 


The use of inferior journal-box packing, oil-saturated waste, 
is a contributing factor of considerable consequence to failures 
in car journal lubrication, because reclaimed and renovated oil 
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and waste are used to lubricate a large percentage of railroad 
rolling stock, particularly freight cars. The use of this material 
is justified only as an economy measure when the material is of a 
quality adequate for the demands of the service. 

That there is not a general appreciation of the requirements of 
service is indicated by the existing A.A.R. specification for re- 
claimed oil, Table 1, and those regulations covering the quality of 
reclaimed packing. Under these existing specifications journal- 
box packing containing 3 per cent coarse dirt, 7.74 per cent fine 
dirt, 3.3 per cent moisture, 2.86 per cent tar, and 4 per cent metal- 
lic soap would meet the requirements and, therefore, be con- 
sidered the equivalent of new waste and oil since the use thereof is 
permitted in lieu of new material. In a journal box containing 
10 lb of journal-box packing there would be more than 2 |b of 
material of a nonlubricating nature and of a nature which would 
impede the feeding of the oil to the journal by the waste. This 
condition is possible because of the omission from the specifica- 
tions of requirements which would limit or exclude the presence 
of such material from properly renovated or reclaimed journal- 
box packing. A specification should be written recognizing 
these elements of contamination and limiting them in amount 
to a maximum of one-fifth the respective amounts shown. Be- 
cause of the large interchange of equipment between railroads the 
absence of an adequate specification to insure the us« of proper 


STYLE B 
Fig. 23 


journal-box packing by one road is reflected in the operating 
results of another. 

In the service obtained from journal-box packing made of 
new waste and new oil the principal difficulties experienced with 
new waste are attributable entirely to improper methods of 
saturating the waste with the oil and the presence of lint in the 
new material, the removal of which greatly improves the func- 
tioning of the waste as a feeder of oil to the journal. 


Dust GUARDS 


Proper sealing of the journal box at the point where the journal 
enters the box is of importance, not only to keep the oil in the 
journal box but to exclude dirt and water as an element of con- 
tamination. 

Investigation of the efficiency of various dust guards was car- 
ried on on the specially designed machine, Fig. 22. This ma- 
chine consists of a rotating shaft extending through a box con- 
sisting of two dust-guard cavities so that two dust guards may be 
tested at one time. The shaft is the size of the axle entering a 
6 X 11-in. journal box. The special box is filled with waste and 
oil at the proper saturation. The shaft is operated at a con- 
stant speed of 50 mph and at the same time moves back and forth 
through the box by an amount equal to the full permissible 
lateral motion of an axle. At the same time the box may be given 
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a vertical motion of varying amount. With this testing unit 
investigations were made of existing dust-guard constructions, of 
which style A, Fig. 23, is representative. 

From the development work on this machine the sealing 
means or dust guard, style B, was developed. It was found with 
prevailing types of dust guards there was an inadequate seal, not 
only against the leakage of oil around the axle itself, but likewise 
to an even greater degree through and out of the dust-guard 
cavity at the bottom. Style B was developed in order to produce 
a gasket seal of a flexible and yielding structure against the walls 
of the dust-guard cavity and also an adequate seal around the 
axle fit. Fig. 24 illustrates the installation of the dust-guard seal 
in the present type of journal box before it is slipped over the 
axle. 


CONCLUSIONS 


The measure of the foregoing developments lies (1) in the 
degree to which continuity of operation is improved and (2) in 
the cumulative effect upon reduction in journal friction with the 
consequent resulting reduction in wear. ’ 


Fig. 24 
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As a measure of the accomplishment of the second objective, 
comparison is made of the journal running frictional resistance in 
pounds per ton of bearing 18 with the roller bearing under the 
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same conditions of load, using the same oil (oil No. 2, Table 1), at 
speeds up to 70 mph, Fig. 25. 

Continuity of operation by the elimination of lubrication 
failures lies in the proper preparation of packing, modification of 
bearing structure, and protection of these two by an adequate 
dust-guard seal. 

Elimination of bearing failures, due to cracked, broken, or 
loose linings, cracked or broken bearings, lugs or collars, by 
the selection of the proper bearing back, lining metal, and the 
application of the lining to the bearing back, have been the sub- 
ject of careful analysis. From this analysis has resulted the 
adoption from automotive practice of the forging process for the 
brass back instead of casting, and the centrifugal lining of the 
bearing instead of mandrel lining, and finally the selection of an 
improved babbitt metal. 

By adoption of these developments, which retain all the struc- 
tural elements of the existing equipment, journal operation will 
cease to be a limiting factor in the operation of railroad rolling 
stock and the direct and indirect expense now incurred will be 
greatly reduced. 
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RP-58-1 


A Study of the Turning of Steel Employing 
a New-Type Three-Component 
Dynamometer 


By O. W. BOSTON! anp C. E. KRAUS,? ANN ARBOR, MICH. 


This paper is intended to present the results obtained 
in measuring with a new type of dynamometer the three 
components of the cutting force when turning with single- 
point tools. This dynamometer measures the cutting 
force as a function of the elasticity of its steel members. 
The forces are read on dial indicators and are not recorded 
graphically. The dynamometer is very rigid and simple 
in construction. It was developed by the authors to over- 
come many difficulties of calibration inherent in hydraulic 
recording dynamometers previously used by them. 

In the turning of steel, the cutting force is conveniently 
resolved into tangential, radial, and longitudinal compo- 
nents. The tangential component accounts for practically 
all of the power required to remove the metal, the longi- 
tudinal component accounts for the power for feeding the 


N ACCURATE knowledge of the tangential, longitudinal, 
A and radial components of the cutting force in the turning of 
steel and the variables affecting them is useful in designing 
machine tools, in selecting material for a part, or in the design of 
the part. Lighter, faster, more rigid, and more accurate machine 
tools are possible as a result of the use of these data in computing 
sections, ete. When a variety of materials will answer the pur- 
pose, a selection on the basis of cutting forces may increase pro- 
duction and accuracy. The part may be designed to withstand 
these forces, thereby reducing deflections caused by the forces 
on the tool. 


MATERIAL AND EquipMENT Usep IN MAKING THE TESTS. 
The Material Used. A low-carbon steel twice annealed was used 
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tool along the cylindrical work, and the radial component 
holds the tool to the correct depth of cut and in so doing 
produces no power. The magnitude of these forces and 
their relation to each other varies widely for different 
metals. For a given material they change as the feed and 
depth of cut are changed, or as the tool shape is changed. 
Only slight changes result from a change in cutting speed. 

This paper presents the results of a fundamental study 
of several phases of machinability in which the three com- 
ponents of the cutting force are determined for various 
tool shapes and sizes of cut. The built-up edge, its shape, 
size, and stability are studied as functions of the cutting 
speed. The temperature developed at the cutting point 
as affected by the cutting speed was determined by the 
tool-work thermocouple. 


in the study discussed in this paper. A chemical analysis of the 
steel showed 0.21 per cent carbon, 0.27 per cent manganese, 
0.030 per cent sulphur, and 0.022 per cent phosphorus. It was 
obtained as 6-in. square blooms in 4-ft lengths. Physical tests 
of the steel indicated a yield point of 19,900 lb per sq in., an ulti- 
mate strength of 54,000 Ib per sq in., a reduction of area of 60 per 
cent, an elongation of 35 per cent in 2 inches, and a Brinell hardness 
of 99. 

The Equipment. A 14-in. swing 16-speed, geared-head lathe 22 
in., between centers, was used. It was equipped with a vari- 
able-speed, direct-current motor so that any possible cutting speed 
within the range could be obtained. A three-component-force 
dynamometer, designed and built by the authors, was mounted 
on the lathe in place of the compound rest. The machine with 
the dynamometer in place is illustrated in Figs. 1 and 2. 

The construction of the dynamometer is simple. The axis of 
the central one-piece spool carrying the tool holder on one end is 
supported by two disks which are clamped securely at the pe- 
riphery in the square housing. One disk is at the rear end of the 
axis, as seen in Fig. 2, and the second is at the forward end just 
back of the tool holder. The force on the tool bit supported in 
the holder at the forward end of the axis causes the axis of the 
spool to bend. The tangential and longitudinal components of 
the force are recorded on two dial gages mounted on the rear of 
the housing through a system of amplifying levers resting against 
the center of the axis of the spool. The radial force deflects the 
shaft along its axis by dishing the disks. A series of levers again 
transmits the deflection to the dial gage at the right. The whole 
device is locked into one rigid unit. 

The dynamometer is simple, rugged, and foolproof. The 
calibration curves Fig. 3, show the relation between the force and 
gage readings. These are straight lines so the cutting force can 
be found by multiplying each dial reading by a given factor. 
These figures are 18.5 for the tangential, 27 for the radial, and 
14.5 for the longitudinal forces. The dynamometer was calibrated 
up to 3200-lb tangential, 1800-lb radial, and 900-lb longitudinal 
force. It is probable that the dynamometer can be used for 
forces much higher than these, however, because of its rigidity. 
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Fic. 1 LatHe anD THREE-COMPONENT DYNAMOMETER 
UsED IN THE TESTS ~ 


Fig. 2.) THe THREE-COMPONENT DYNAMOMETER 


The maximum deflection of the cutting edge of the tool is about 
0.002 in. The calibration curves apparently are unchanged by 
use, heat, or cutting fluid. Because of its weight and rigidity, 
chatter is practically eliminated. Several tool shapes which were 
impossible to test in a solid tool post of the lathe because of ex- 
cessive chatter, operated without chatter when supported in the 
dynamometer. 

The Tool Bits. High-speed-steel tool bits */s-in. square of the 
18-4-1 type were used. The tool shape selected as standard had 
an 8-deg back-rake angle; a 14-deg side-rake angle; a 6-deg 
front-and-side clearance angle; a 6-deg end-cutting-edge angle; 
a O-deg side-cutting-edge angle giving a setting angle of 90 deg, 
since the axis of the bit was set at 90 deg to the axis of the work 
throughout the tests; and */s-in. nose radius. The tool signature 
of this bit then is 8-14-6-6-6-0-3/64R, listing the angles in the 
order given. For simplicity, all tool shapes are referred to by 
their signatures. The sets of tool shapes tested can be classified 
as (1) those having variable side-rake angles of 0,6, 14, and 22 
deg (2) those having variable back-rake angles of 0, 8, and 14 deg, 
(3) those having variable side-cutting-edge angles of 0, 30, and 
45 deg, and (4) those having variable nose radii of 1/s., */e4, #/16, 
and '/, in. The selected standard bit was common to all sets, 
making in all eleven tool shapes. 

The bits were ground carefully on a special rebuilt cutter 
grinder using the face of a cup wheel. The surface produced was 
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similar to a high-class surface grinder-finish, and the angles were 
accurate and reproducible to a fraction of a degree. All tests were 
run with the bits in the freshly ground condition, the bits being 
reground at the first sign of dulling. The tools were ground on 
the machine to a sharp point. The point then was ground to a 
radius by hand to conform to a standard radius gage. The radius 
and face then were honed lightly to remove burrs. 


THe MEASUREMENT OF ForcEs 


Cutting forces were recorded using the three-component dyna- 
mometer so that the tangential, longitudinal, and radial com- 
ponents could be determined separately for various values of 
feed and depth of cut for each of several shapes of tools. Values 
of feed and depth of cut were selected so the results could be 
plotted at approximately equal increments along the abscissa 
axis of log-log paper and at the same time cover a fairly wide 
range in values. The depths used in the tests were 0.030, 0.050, 
0.100, and 0.150 in. Each depth of cut was run at four different 
feeds. The feeds selected were 0.0077, 0.0127, 0.020, and 0.030 
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Fic. 3) DyNAMOMETER CALIBRATION CURVES 
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Fig. 4 Vertican AND LONGITUDINAL Force Test Data PLoTTEeD 
on Loa-Loa Parer TO DETERMINE THE EXPONENTS OF THE CUTTING- 
Force EquaTION 
(Annealed 0.21-C steel; cutting dry; tool shape 8-14-6-6-6-0-3/64R.) 
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in., respectively. This made 16-sizes of cuts taken 


by each tool shape. 


The tangential and longitudinal forces obtained 
from the sixteen sizes of cut with the standard tool 
shape are shown plotted as ordinates on the log-log 
paper in Fig. 4. Values for constant feed over the 
variable depth are plotted at the left and values 
for constant depth over the variable feed at the 


right. 


RESEARCH RP-58-1 
TABLE 1 SUMMARY OF CUTTING-FORCE EQUATIONS 
Tool _ Tool Tangential Longitudinal Radial 
no. signature orce force force 
1 8-0-6-6-6-0-3/64R 106500 f°-74d 112500 4670 
2 8-6-6-6-6-0-3/64R 137000 61200 1590 
3 8-14-6-6-6-0-3/64R 133000 f°-833d 33700 f°-48d1.45 923 fo-56 
4 8-22-6-6-6-0-3/64R 102500 /°-8¢d 12600 704 f?.46q9.13 
5 0-14-6-6-6-0-3 /64 156000 /°-38d 51000 2020 
6 16-14-6-6-6-0-3 /64R 94500 f°-74d 28000 416 
7 8-14-6-6-6-30-3/64R 120000 /°-8¢d 36500 14500 f°- 480-54 
8 8-14-6-6-6-45-3/64R 88000 31400 0-61.12 40700 
9 8-14-6-6-6-0-1/32R 137000 /°-84d 34300 f°-48d!-45 692 
10 8-14-6-6-6-0-3/16R 58000 31800 7250 fo 680.47 
ll 8-14-6-6-6-0-1/4R 41000 /0-59q9.79 30000 14600 


Considering the tangential force, the highest 
line on the left represents the tangential force for all 
depths of cut except for a constant feed of 0.030 in. 
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Nore: 


high-speed-steel tool bits. 
from 4 to 6 in. in diameter. 


The material cut was annealed low-carbon steel, when using */s-in. square 


The cutting was done dry at approximately 80 fpm on a bar 
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The highest line of the tangential force on the right represents 
those forces obtained for various feeds at a constant depth of 
cut of 0.150 in. ‘ 

It is convenient that these data may be represented by straight 
lines. The force equation, as a function of variable feed and 
variable depth, considering again the tangential force only as 
shown as the highest lines in Fig. 4, may be expressed as 


T = 


where T' is the tangential component of the cutting force; C is 
the constant depending upon the tool shape, material cut, cut- 
ting fluid, ete.; f is the feed in inches per revolution; d is the 
depth of cut in inches; and a and b are the exponents to be de- 
termined. 

Since f and d are independent variables, one must be held 
constant while the other is varied in order to determine its effect. 
Holding the feed f constant in studying the influence of variable 
depth d would change the equation to 


T = Kd 


where K is a new constant equal to Cf*. Plotting the tangential 
forces for a given feed at various depths, as shown by each of the 
four lines in the upper left of Fig. 4, the following equation is 
obtained 


log T = blogd + logK 
This represents the equation of a straight line of the form 


where m corresponds to b and is the slope of the line. The slope 
also may be represented by the tangent of the angle made with 
the horizontal. 

The feed exponent is obtained in a like manner. Also, corre- 
sponding equations for L and R, the longitudinal and radial com- 
ponents, respectively, are similarly determined. 

The equations for the three components of cutting force for 
each of eleven tool shapes are summarized in Table 1. In order 
to visualize the effect of the various tool-shape angles, Figs. 5, 6, 
7, and 8 have been prepared. Fig. 5 shows actual cutting forces 
for a feed of 0.030 in. per revolution and a depth of cut of 0.150 
in., plotted over various values of the variable applied to the 
standard tool. 

The curves shown in Fig. 5 would have different forms for any 
other size of cut, inasmuch as the feed and depth exponents are 
not the same for the different tool shapes. It will be noticed that 
the tangential and longitudinal forces drop considerably with 
increasing side rake, as shown at the upper left in Fig. 5, but 
drop very little for increasing back rake, as shown at the upper 
right of the same figure. The radial force is affected but little 
by a change in side rake, but is greatly decreased by increasing 
the back rake. Increasing the side-cutting-edge angle or the 
nose radius seems to give the same effect on the forces. The 
tangential component is increased slightly, the longitudinal 
component is decreased slightly, and the radial component is 
increased markedly, as the side-cutting-edge angle and nose 
radius are increased, as shown in the lower part of Fig. 5. 

Fig. 6 shows the values of the feed exponent plotted over the 
tool-shape variables applied to the standard tool. A rather 
surprising range of values is found in nearly all cases, showing 
that a change in tool shape materially influences the value of the 
feed exponent. By changing the exponent of the feed in the force 
equation, the values of the forces themselves are changed. 
Obviously, for this material the optimum tool shape from the 
cutting-force standpoint may be quite different for each of 
several different feeds. 

Fig. 7 shows a similar set of curves indicating the wide range 
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TABLE 2. CUTTING-FORCE AND FORCE EQUATIONS? 


Tool No. 1 Tool No. 2 
Tool signature.............. , 8-14-6-6-6-15-3/64R 8-22-6-6-6-15-3/64R 
259000 /°.%d1.0 174000 /?.%q1.0 
Longitudinal force........... 123 Ib 
Radial 320 Ib 450 | 


@ When turning an annealed 8.A.E. 3135 steel dry at 50 fpm with */s-in. 
square high-s -steel tool bits. Force values listed are for a depth of 
cut of 0.150 in. and a feed of 0.030 in. 
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Fie.9 TANGENTIAL, LONGITUDINAL, AND RADIAL Forces For VARI- 
ous Deprus or Cut AND Freps WHEN MACHINING ANNEALED 
S.A.E. 3135 Stes. Wits a Dry Cort at 50 Fem anp WitTa 

3/s-IN. SQUARE H1GH-SpEED-STEEL Toot Bits 


(The solid lines are for tool No. 1 of Table 2 which has a 14-deg side-rake 
angle and a 15-deg es spo angle. The dashed lines are for tool 
No.2 which has a 22-deg side-rake angle and a 15-deg side-cutting-edge angle.) 


of values of depth exponent as a function of the tool-shape vari- 
ables. Peculiarly, the depth exponent of the tangential com- 
ponent is affected but little by any changes until large side-cut- 
ting-edge angles or nose radii are used. The radial force is not 
influenced by depth for a number of tool shapes. The radial 
forces for variable depths of cut were, however, too erratic in 
many cases to obtain a very accurate exponent. Fig. 8 shows the 
effect of the tool-shape variables on the constants of the three 
equations. The values of the exponents of the feed and depth 
also materially influence the values of the constants. 

Inasmuch as the 0.22 per cent carbon steel was soft, the force 
values represented by equations in Table 1 might not be applicable 
to the higher-strength steels. For this reason, formulas for the 
tangential, longitudinal, and radial forces are given in Table 2 for 
two commonly used tool shapes when cutting an annealed 8.A.E. 
3135 steel. The force values and equations for tool No. 1 of 
Table 2 may be compared with tools Nos. 3 and 7 of Table 1 used 
in cutting the low-carbon steel. For the 15-deg side-cutting-edge 
tool, when cutting the low-carbon steel, the values of force in 
pounds, feed exponent, depth exponent, and constant may be 
read directly from the curves in the lower left-hand corner of 
Figs. 5, 6, 7, and 8, respectively. For instance, when cutting the 
low-carbon steel, the force for the 15-deg side-cutting-edge tool is 
found to be about 1090 lb, from the lower left corner of Fig. 5, 
as compared with 1250 lb for tool No. 1 in Table 1. The respec- 
tive longitudinal and radial values are 400 lb as compared with 
480 lb, and 200 lb as compared with 320 lb. The S.A.B. 3135 
steel probably represents an average difficult machining steel, 
whereas the low-carbon steel represents one of the easiest machin- 
ing steels. 

It is interesting to record Taylor’s formula for cutting an 0.34 
per cent carbon steel annealed to a tensile strength of 70,280 lb 
per sq in. The equation for tangential cutting force was T = 
230,000 df°-**4, For hard steel, the constant was 296,000. 
Taylor used his round-nosed forged tools with 8-deg back rake 
and 14-deg side rake, when cutting at 60 fpm. 
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Fig. 9 has been prepared to show better the values of the cut- 
ting force for both tools in Table 2. This gives the cutting forces 
for various combinations of depth of cut and feed. On the left 
is shown the tangential cutting forces for any value of feed up to 
0.030 in. for five different values of depth of cut. The solid line 
represents the cutting force for tool No. 1 having the 14-deg 
side-rake angle, and the dashed line represents the cutting 
force for the corresponding conditions for tool No. 2 having 
a 22-deg side-rake angle. In the lower left are shown the 
values of the longitudinal component of the cutting forces for 
any feed at the several depths. Again the solid lines represent the 
cutting force for tool No. 1, whereas the dashed lines represent 
constant cutting values for longitudinal force which are obtained 
with tool No. 2 having 22-deg side rake. The longitudinal-force 
equation for this tool as given in Table 2 shows that the exponent 
of fis zero. In the upper right of Fig. 9 are shown the values of 
the radial component for both tools for each of several depths for 
all feeds up to 0.030 in. These curves show that the radial force 
for tool No. 2, having 22-deg side rake, is low for low values of 
depth, but is comparatively high for the higher values of depth. 


INFLUENCE oF CuTTING SPEED ON CurrinG ForcEs 


All of the preceding tests were run at a cutting speed of 70 to 80 
fpm. Because of the soft free-cutting nature of the steel, a 
considerable range of speed was possible. Therefore, to deter- 
mine the cutting-force equation, a series of tests was run with one 
tool shape at surface-cutting speeds of 26, 31, 42, 56, 70, 90, 115, 
150, 210, 240, and 320 fpm. The signature of the tool bit se- 
lected was 8-14-6-6-6-30-3/64R, the 30-deg side-cutting-edge angle 
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being selected instead of the standard tool because of the higher 
allowable cutting speeds for the same tool life. 

At speeds below 50 fpm, the results were unexplainably erratic 
until it was noticed that quite a large built-up edge was adhering 
tightly to the tool bit as the cuts were changed from one size to 
another. Different force values were obtained if the order of the 
cuts was changed. This indicated that the built-up edge did not 
quickly change its size and shape as the cutting conditions were 
changed. The bar was soft and the built-up edge was hard due to 
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cold working. Knocking off these built-up edges too often chipped 
the keen cutting edge of the tool. The most practical method of 
reducing this effect was found in changing bits for each depth, and 
then running the feeds in order of increasing size. This did not 
eliminate the effect entirely, however, and the data for the slower 
speeds are not so consistent as for the faster speeds. 

The results of this series of tests are shown graphically in Fig. 
10. The cutting forces are plotted against cutting speed for the 
0.030-in. feed per revolution and 0.150-in. depth of cut. The 
peculiar shapes of the exponent and constant curves for the 
slower cutting speeds are undoubtedly due to the built-up edge, 
but the cutting-force curves show no effect at all. As would be 
expected, cutting speed has very little effect on tangential forces, 
exponents, or constants. Disregarding the slower speeds, it will 
be noticed that the depth exponent in the longitudinal-force 
equation increases somewhat with an increase in speed. The 
exponent for the feed remains nearly constant, but the values of 
the constant increase very rapidly as the speed increases. In the 
radial-force equation, the exponent of depth remains nearly 
constant, the feed exponent shows a marked increase in value 
as the speed is increased, and the constant increases rapidly as 
the speed is increased. 
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Tue Buitt-Up Epce 


The characteristics of the built-up edge formed on the tools 
during these tests proved to be interesting. The edge is often 
found adhering to the steel chip at the end of a planer, shaper, 
and miller cut. It is, however, not so obvious in turning opera- 
tions where the cuts are continuous. The built-up edge formed 
by this soft ductile steel was much harder than the original bar 
and was unusually large for steel. This permitted an excep- 
tional opportunity to observe its size and shape under various 
cutting conditions. Admittedly, the best method of obtaining a 
true picture of the built-up edge is to stop the work suddenly in 
the cut. This has been done in another series of tests in which 
the metal and head of the chip containing the built-up edge were 
cut from the bar and sectioned, polished, and photographed at 
various places. Fig. 11, produced by this process, indicates the 
flow of the chip and the character of the built-up edge, and repre- 
sents the condition of the edge obtained at about 200 fpm cutting 
speed with this soft steel for the standard tool shape. 

It was discovered in cutting this soft steel that when the tool 
bit was quickly withdrawn from the cut, the built-up edge re- 
mained apparently undisturbed on the tool face. The observa- 
tions of the built-up edge at different speeds are recorded in 
Fig. 12. Arranged on a logarithmic scale at the top of the figure 
is Shown a diagrammatic section through the center of the built-up 
edge when the tool was quickly withdrawn from a cut of 0.030-in. 
feed and 0.150-in. depth at various cutting speeds. The tool 
shape is the same as that indicated in Fig. 11. The change in 
the shape and size of the built-up edge throughout this speed 
; range is very great. It is thick and sharp at the low speeds and 
| thin and flat at the high speeds. At the higher speeds, particularly 
t' above 200 fpm, the edge seems to be formed on the face of the 


tool back of the cutting edge, leaving a small rim of the face 
next to the cutting edge exposed. This condition is shown in 


= 
COTTIIYG SPEED FI LOGARITHI, SCALE 


Fig. 12 Osservations or BurLtt-Up EpGe at DIFFERENT SPEEDS 


Fig. 11. The drawings of Fig. 12 correspond to the dense portion 
of the chip of Fig. 11. 

The shape of the chip also undergoes a change in shape as the 
speed is increased. The chips are spiral in shape up to about 30 
fpm. They then become helical for the higher speeds. For 
speeds from about 42 to 90 fpm, the chips have a helical spiral 
form as indicated horizontally across the central part of Fig. 12. 
At the low speeds there appears to be no sloughing of the built-up 
edge. The underside of the chip is very rough. At about 56 fpm 
an occasional portion of the built-up edge slides or sloughs off 
as a part of the underside of the chip. These sloughs increase in 
number and become more irregular until at high speed the slough 
is continuous and the underside of the chip is very smooth and 
highly burnished as indicated in the lowest section of Fig. 12. 
At about 90 fpm the underside of the chips carried even and 
uniformly spaced sloughs. 


Curtina TEMPERATURES 


While running the variable-speed tests using a feed of 0.030 in. 
and a depth of 0.150 in. with the standard shape of tool listed in 
Fig. 11, temperatures as obtained by the tool-work thermocouple 
were recorded. The work and tool were calibrated in an electric 
furnace so as to determine the electromotive force developed at 
their point of contact at different temperatures. The calibration 
curve had temperature values of 70, 200, 400, and 600 F for 0, 
—0.35, —0.45, and 0 millivolt, respectively, and approximately 
a straight line 1000 F giving plus 1.4 millivolts. All measure- 
ments taken were above 600 F so the negative loop in the curve 
was not used. The temperatures in degrees Fahrenheit are shown 
plotted over the cutting speeds arranged on logarithmic scale 
near the top in Fig. 12. At 56fpm the cutting temperature was 
approximately 650 F. It corresponded to a maximum of 1000 F 
at 210 fpm, and fell off to about 900 F at 320fpm. At this highest 
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speed the tool life was about 1 minute, showing that the actual 
temperature of the tool at its cutting edge may have been well 
above the 900 F recorded by the tool-workthermocouple. The most 
probable cause for the drop in the temperature curve at the highest 
speed is the influence of the built-up edge which, at the higher 
speeds, protects the tool face almost entirely from the flowing 
chip. At lower speeds the chip slides over the built-up edge and 
rubs over the tool face. In other tests on a 0.61-per cent carbon 
steel, the temperatures developed at the tool point, as measured 
by the tool-work thermocouple, were found to increase in direct 
proportion to the cutting speed between 550 F and 1100 F. 

Plotted on the same coordinates in Fig. 12 just below the 
temperature curve are two curves giving the approximate tem- 
perature of the chip, as indicated by the temper color. The 
higher curve gives the temperature of the chip formed at th> 
bottom of the cut. This temperature varied only about 5 per 
cent between cutting speeds of 100 and 320 fpm. Excess heat 
probably was carried away by the fast-moving chip. 


CONCLUSIONS 


A number of conclusions may be drawn from the foregoing 
study and data. While these conclusions hold only for the ma- 
terial cut and under the conditions of the test, it is believed that 
many of the trends revealed are true of the operations of single- 
point tools in general. 

1 Equations of the form T = Cf*d’ are found to hold for all 
three components of the cutting force, namely tangential, longi- 
tudinal, and radial. The values of C, a, and 6 will vary materially 
for different shapes of tools as indicated in Table 1. 

2 The tangential cutting force is reduced uniformly to about 
40 per cent by increasing the side-rake angle from 0 to 30 deg. 

3 <A change in back rake, side-cutting-edge angle, and nose 
radius has little effect on tangential forces or longitudinal forces. 

4 The longitudinal force almost disappears with high values 
of side-rake angle. 

5 The radial force is little affected by side rake, drops to 
zero with high values of back rake, and increases rapidly with 
higher values of side-cutting-edge angle and larger nose radii. 

6 The exponent of the feed in the tangential-force equation 
first increases and then decreases with increasing side-rake angles. 
The highest value of 0.82 is for 12-deg side rake. 

7 An increase in back rake, side-cutting-edge angle, or nose 
radius tends to reduce considerably the feed exponent in the 
tangential-force equation. 

8 Increasing either the back- or side-rake angle decreases the 


feed exponents for both the radial and longitudinal forces, while 
an increase in side-cutting-edge angle or size of nose radius in- 
creases these exponents. 

9 The depth exponent of the tangential-force equation is 
unaffected except for large values of side-cutting-edge angle or 
large nose radii, when it is reduced somewhat. 

10 An increase in back rake, side rake, side cutting-edge 
angle, or nose radius decreases the depth exponent of the longi- 
tudinal-force equation. 

11 An increase in the side-cutting-edge angle or nose radius 
causes a very large increase in the depth exponent of the radial 
force. 

12 Very pronounced changes in the values of the constant in 
all equations result from changes in any of the tool angles. 

13 The tangential force remains practically unchanged when 
the cutting speed is increased from 26 to 320 fpm. 

14 Both longitudinal and radial forces increase somewhat 
with an increase in cutting speed. 

15 At speeds below 100 fpm, the exponents of feed and depth 
and the values of the constant were affected considerably by a 
change in speed. This was believed to be due to a change in the 
shape of the built-up edge. 

16 The cross section of the built-up edge changes radically as 
the cutting speed increases. At low speeds it is large with a 
steep angle. At higher speeds it is flatter, and at speeds above 
200 fpm, it tends to desert the cutting edge and occur as a flat 
thin patch. 

17 At slow speeds, the chip comes off in the form of a spiral 
which gets larger and looser as the speed increases. This changes 
to a helix of about 3 in. in diameter at 115fpm. At higher speeds, 
the helix decreases in diameter somewhat and becomes more 
uneven. 

18 During the cutting action, more or less sloughing of the 
built-up edge occurs, the sloughs remaining on the underside of 
the chip. The sloughs first appear at about 50 fpm and then, as 
the cutting speed increases, they increase in number until at high 
speed the under surface is one continuous slough and is smooth 
and highly polished. 

19 Using the tool-work thermocouple method, the tempera- 
ture at the face of the tool was found to rise to 1000 F at 210 fpm 
and then drop to 900 F at 320 fpm for 2 given tool shape and size 
of cut. 

20 The temperature of the chip as determined by temper 
colors was changed less than 5 per cent in the range of cutting 
speed from 90 to 320 fpm. 


‘ 
‘ 
2 
7 
4 
4 ee 
3 
a 


‘ 
pee 

4 

ke 

% 

i 

4 

‘ 

4 

. : 
5 

Peg 

- 


Discussion 


Principles Underlying the Rational 
Solution of Automatic-Control 
Problems' 


P. 8S. Dickry.? The writer finds it necessary to question many 
statements made in Mr. Mitereff’s paper and believes that the 
terms used therein should be properly defined and classified be- 
fore a rational solution is attempted. 

Mr. Mitereff says that the system external to the regulator can 
be divided into four factors: (a) storage of fluid or energy, (6) 
inflow of fluid or energy to storage, (c) outflow of fluid or energy 
from storage, and (d) a function indicative of the amount of 
fluid or energy in storage. > 

Clearly, this factor (d) should be classified separately since 
it is only a metered indication of factor (a) and therefore should 
be placed on a parity with metered indications of factors (b) and 
(c), which are the inflow and outflow of fluid or energy from 
storage. One, or more than one, of the metering indications 
may be used in developing the control apparatus. 

Mr. Mitereff divides his control apparatus into three parts, 
but although it is a reasonable division it is not in agreement 
with customary practice as described later. However, with all 
the mathematics which the author applies to the devices ex- 
pressed as “operative connections between the impulse-receiving 
element and the final-operating element,’’ he completely neglects 
the equation between motion of the final-operating element and 
the actual delivery of energy or fluid to or from storage. Every 
one who has had much practical experience in adjusting :uto- 
matic-control systems knows that this equation is of utmost 
importance. 

The writer would further like an example of a control system 
in which the final operating element is an electric contactor as 
this does not seem consistent with the final operating element as 
defined. 

It is convenient to think of control systems as being divided 
into four parts: (1) The measuring device which corresponds to 
Mr. Mitereff’s impulse-receiving element; (2) the operative 
connection which may consist of pilot valves, electric contactors, 
mechanical linkage, and provides the desired motion characteristic 
and/or the necessary power amplification between the measuring 
device and the power device described in (3); (3) the power 
device. This may consist of a piston, a reversing pilot motor, a 
diaphragm motor, or other device capable of providing the 
necessary work to actuate item (4); and (4) the regulatory de- 
vice. This may consist of a valve, a damper, a rheostat, or any 
other device of this nature capable of regulating the flow of fluid 
or energy. 

This division of the control system allows segregation of the 
equation of the control system from the equation of the regula- 
tory device which often is not furnished by the control manu- 
facturer. 

Mr. Mitereff’s statement regarding “the insignificance of sen- 
sitiveness and sticking of measuring and control apparatus’ 
clearly indicates lack of experience. No control can be better 


1 Published as paper FSP-57-9, by Sergei D. Mitereff, in the May, 
1935, issue of the A.S.M.E. Transactions. 

* Research Engineer, Bailey Meter Company, Cleveland, Ohio. 
Jun. A.S.M.E. 


55 


than its measuring device. Instrument makers have spent years 
improving metering devices from which automatic controls are 
actuated. Friction and inertia of moving parts are the worst 
enemies of the control manufacturer and no amount of mathe- 
matics will eliminate or compensate for them. 

Undoubtedly, time lag is a serious obstacle to successful ad- 
justment of any control installation, though there remains con- 
siderable confusion regarding system time lag and system storage 
of energy or fluid. Mr. Mitereff’s choice of a pressure regulator 
as an example of distortion of perfect correspondence of the actual 
pressure, and of the pressure at the regulator, is somewhat un- 
fortunate since many regulators use Bourdon tubes wherein the 
displacement of fluid in the pilot line is negligible, so that the 
impulse travels along the pilot line approximately at the ve- 
locity of sound. In general, temperature regulators are much 
more likely to be troubled by the distortion described. Like- 
wise, the time lag between the instant of increase of fuel and air 
supplied to a boiler furnace and the instant of increase in steam 
generation of the boiler is a much more effective example than 
that of the hydraulic turbine. 

Referring to Mr. Mitereff’s example of the direct-acting float- 
operated valve controlling discharge of fluid from a tank, the 
writer must call attention to the real problem involved, namely 
controlling fluid output in accordance with fluid input. The 
control which supposedly solves the equation for the tank level 
does not necessarily accomplish the ultimate aim. Furthermore, 
there are often variations of this level-control problera not men- 
tioned by the author. The following examples are quite preva- 
lent: 

1 In oil-refinery work, the flow to bubble towers often is 
highly variable and a successful control must allow the level to 
fluctuate and thereby utilize the storage capacity of the towers to 
maintain an output which averages the input fluctuation. 

2 In steam boilers the drum level is affected not only by the 
input of water and outflow of steam but by the volume occupied 
by steam bubbles below the water level, so that changes in water 
level are not necessarily an indication of the outflow—input ratio. 
The proposed equations for obtaining water level would be use- 
less in either this or the preceding case. 

Mr. Mitereff’s paper would make easier reading if he were 
more consistent in his use of symbols. For instance, in one 
case F is the distance traveled by the valve, and immediately 
following F becomes the final regulating effect of the automatic- 
control apparatus. Does this final symbol mean a motion or a 
change in energy or fluid flow? 

In Equations [1] to [6], if the author means F to represent the 
motion traversed by the regulating device, the writer agrees 
with these equations except that the regulator illustrated and 
identified as an example of Class-I regulators should not be called 
the most common type. Much more extensive use is made of the 
Class-II regulator, the characteristics of which the author gives 
in his Equation [2]. 

The writer believes that an important control method has been 
eliminated from the author’s list of control types. It is the three- 
element control which measures both input and output of fluid 
or energy, and maintains them approximately equal with only a 
relative minor adjustment of either from a measure of the storage 
of the system. 

The application of this control system to feedwater regulation 
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for high-capacity steam boilers is described by M. F. Behar? 
and in bulletins published by the Bailey Meter Company. 

Other successful applications of this three-element control 
system have recently been made and it is the writer’s prediction 
that extensive use of this system will be made in the future in 
control problems which cannot be solved by other methods. 


M. J. Zucrow.* With the field of application for continuous 
automatic controllers becoming increasingly more extensive, 
it is essential that the manufacturers and users of such devices 
have a common nomenclature to avoid the confusion of ideas 
which inevitably arises when the terminology of a subject is used 
indiscriminately. Consequently, writers on this subject should 
adhere to an accepted nomenclature as far as possible, and to 
define accurately their terms when no accepted terminology exists. 
Mr. Mitereff’s paper is a timely contribution to the literature on 
this subject, but his unorthodox use of terms is regrettable. 

Continuous automatic-control mechanisms, such as fluid-flow 
controllers, are offshoots of that class of controllers known as 
speed governors. They embody the application of the fundamen- 
tals of speed control to other control problems. The literature 
pertaining to the theoretical developments of governing dates 
back to 1840.5 The first theoretical solution which took into 
account the reactions between the governor and prime mover is 
due to Wischnegradsky (1877).6 Since that time there has 
been a more rapid advance in the coordination of the theory and 
practice of this art. In more recent years the published works of 
such engineers as Tolle, Stodola, Wunsch, Stein, Hodgson, Smith, 
Mason, and others have done much to clarify the control prob- 
lem. The dynamics of pilot or relay speed governing has been in- 
vestigated thoroughly by Dr. Tolle.” By properly modifying his 
equations, in accordance with the method developed by Stodola,? 
the speed-governing equations of Tolle can be applied to the 
mathematical analysis of such complicated problems as those 
which arise in complete combustion control.? It is, therefore, 
surprising to find, with Dr. Tolle’s work listed in Mr. Mitereff’s 
bibliography, that the latter’s paper contains such statements as 
(1) “little has been published relative to the fundamentals’’ of 
governing and control; (2) there is “‘an absence of data necessary 
for rational solutions;’’ and (3) “the concept of the character- 
istic of a regulator or governor . . . has received little attention.”’ 

The elements of a continuous automatic-control installation 
have been described by Mr. Mitereff. However, due to his un- 
common use of terms, a brief repetition of these elements, using 
the more common terminology, will help in overcoming any 
confusion which might otherwise arise. Every automatic con- 
troller comprises a primary system, which may be regarded as a 
measuring instrument, and an operative means for effecting cor- 
rections to the function being controlled. The particular physi- 
cal arrangement and function which it is to control, is called the 
application. The required flow of fluid or energy which the 
physical system needs in order to maintain the controlled func- 
tion at its normal value is called the demand, and that furnished 
to the system is known as the supply. For the controlled function 
to experience no “‘departure from normality” the supply must 


’“The Manual of Instrumentation,” by M. F. Behar, Instrument 
Publishing Company, Pittsburgh, Pa., 1932. 

* Republic Flow Meters Company. Mem. A.S.M.E. 

5 “Governors and the Governing of Prime Movers,” by W. 
Trinks, D. Van Nostrand Company, New York, N. Y., 1919. 

¢**Technische Schwingungslehre,’’ by W. Hort, second edition, 
Julius Springer, Berlin, Germany, 1910. 

7 “Die Regelung der Kraftmaschinen,’”’ by M. Tolle, third edition, 
Julius Springer, Berlin, Germany, 1909. 

’“Dampf- und Gasturbinen,” by <A. Stodola, sixth edition, 
Julius Springer, Berlin, Germany, 1922. 

*“Regelung und ausgleich in Dampfanlagen,” by 
Julius Springer, Berlin, Germany, 1926, 
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equal the demand and the capacity or storage of the application 
must also be at its normal value. Consequently, for the applica- 
tion to be susceptible to automatic control, the function to be 
controlled must be measurable, the primary element must be 
installed adequately, and there must be sufficient power avail- 
able for actuating the control device. 

Automatic control devices may be conveniently divided into 
two main groups, which are (1) self-operating controllers which 
furnish direct control, and (2) pilot or relay controllers which 
furnish pilot or relay control. 

A self-operating controller is one which operates a valve (or 
other device) directly from its primary element without the 
assistance of additional forces from an outside source of power; 
the primary element and the valve are connected together and the 
latter moves in direct proportion to the departures from normality 
of the primary element. A pilot controller is one in which the 
action of the primary element operates a pilot (or pilot valve) 
which releases a source of power, such as compressed air, to a 
power device (piston) for actuating the valve; the power piston 
may then be located at a distance from the rest of the control 
apparatus. The second class of controllers comprises by far the 
majority in industry. While it is not always necessary, pilot 
controllers are usually equipped with some device which ties to- 
gether the movement of the power piston and the pilot valve. 
Such an element is called a “follow-up” or a “return motion.” 
It usually consists of a linkage between the power piston and the 
pilot valve, whereby the latter is returned to its neutral position 
when the controlled valve has been moved through the correct 
distance. 

The analysis of controller problems shows that time differences 
arise between the correspondence of cause and effect throughout 
the system. These time differences are of two kinds: (1) Those 
inherent to the automatic controller and (2) those inherent to the 
application. The former are termed the “controller period” 
and the latter the “‘application lag” or ‘time lag.’”’ 

The controller period is the sum of the time differences per- 
taining to each element of the automatic controller. M. F. 
Behar? in discussing controller period, has pointed out that “in 
a pressure-control instrument of the distance form (pilot con- 
troller) there might be: (1) Time required for a variation in 
controlled vessel to reach primary element (metering reaction 
time); (2) time taken by primary element to actuate pilot valve; 
and (3) interval from changed position of pilot to changed posi- 
tion in power cylinder; (but the momentary period between 
motion of power device and effect on fluid flow through the eon- 
trolled valve comes under application lag).”’ 

The application lag (time lag) arises from the fact that prac- 
tically every physical system which is subjected to automatic 
control has a capacity or storage. Consequently, there arises a 
time interval between the performance of a corrective function 
by the controller itself and the assumption of the changed condi- 
tion by the system. Thus, if an added quantity of steam is passed 
by an automatically controlled pressure-reducing valve in a 
pipe line, it takes this additional quantity of steam a definite 
time to travel the length of the pipe to the consumer. The appli- 
cation lag may vary from a microsecond to several minutes, de- 
pending upon the application. But irrespective of the magnitude 
of this time lag, if the application demand requires a changed . 
supply, then the complete system must pass over into the new 
circumstance with aperiodic fluctuation or vibration of the 
controlled function about its normal value. 

A truly rational solution of a control problem cannot divorce 
the controller from the application. It must take into account 
all of the variables which are involved. Such mathematical 
analyses have been made. In setting up the equations it is, of 
course, necessary to introduce simplifying assumptions in order 
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to obtain solvable differential equations. This does not neces- 
sarily bring in any basic lack of agreement between the actual 
and mathematical characteristics of the vibration process. ‘The 
assumptions are made so that linear differential equations will 
arise; these being the only type that are readily solvable. The 
essential difference between the actual and the mathematical 
results is that the latter give the vibration wave a sinusoidal 
character. The same simplifications are used in studying elee- 
trical phenomena, and are even more permissible in controller 
problems since only a few values are needed quantitatively. The 
rational analysis has for its object the determination of the 
following: (1) The conditions for stable control, that is, an 
aperiodic vibration which dies out in a few regulator swings; 
(2) the maximum amplitude of the departure from normality; 
and (3) the period of a control process oscillation, since this must 
not exceed a practical value. 

To go into a series of such analyses would be time consuming, 
and those interested are referred to the works of Stodola® and 
Stein. However, it is important to bring out the following: 

If @ is the ratio of the departure from pormality of the con- 
trolled function to its normal value, the equations which arise 
will depend on the controller design and on the application; they 
will, however, be of the following forms: 


+ = 0 


The conditions for stability and aperiodic vibration in Equa- 
tions [1], [2], and [3] are satisfied when (a) all factors are posi- 
tive, C; > 0; (6) when C, C,— CoCs3 > 0; and (c) when 
(CyC, — CoC3)C3 — > O. 

The C’s are constants relating to the application and the 
controller. The order of the equation for a particular case will 
depend on the number of capacities and controller elements which 
are involved. 

It should be noted that one of the basic requirements for 
stability is that the coefficient of the d@/dt term shall not vanish. 
This is a damping term. The stabilization may (1) arise from the 
reaction of the application on the controller, due to an additional 
flow of fluid, (2) it may be effected by an oil dashpot located 
between the controller and the power piston, or (3) it may be 
obtained by controlling over a “zone” or “band.’’ The ideal 
is precision control with stability. This can be attained by us- 
ing a spring, which gives temporary band control, in combination 
with a follow-up, and a dashpot, which gradually eliminates the 
effect of the spring; thereby furnishing control to a fixed value 
of the controlled function. 

From the foregoing it is seen that Mr. Mitereff’s paper is con- 
cerned with a single component, the metering reaction time (time 
required for a vibration in a controlled vessel to reach the primary 
element) of the controller period. His particular use of the term 
“time lag” for what might be called “metering reaction time’’ is 
confusing. His lack of differentiation between ‘controller period” 
and “application lag’? may be responsible for the contradiction 
contained in paragraph 6, p. 163. It also becomes apparent that 
Mr. Mitereff has not discussed the “rational approach to the 
control problem” but that he has attempted to classify con- 
trollers on the basis of the metering reaction time. While not 


always possible, the “‘metering reaction time’ can be made zero. 
One might erroneously infer that since this would nullify what Mr. 
Mitereff calls the ‘time lag,”’ in such a case the fluctuating char- 
acteristic of a control change in an application with storage would 
be eliminated. 

If a classification of controllers is desired, the writer prefers 
one following the plan presented in the excellent article on flow 
controllers, by Ed 8. Smith, Jr.'° 

In closing this discussion, it must be pointed out that the real 
problem today is to simplify the modern controller without sacri- 
ficing its excellent characteristics. A brief inspection «” auto- 
matically controlled processes will show that they work, and work 
remarkably well. Whether or not the Class-XII controller illus- 
trated by Mr. Mitereff has any advantages over the best modern 
controller is problematical but it is obvious that it is more compli- 
cated. His paper called to mind the following passage concern- 
ing differential equations:'' ‘A function that satisfies a differen- 
tial equation is a solution no matter how obscure its origin, and 
one that does not satisfy it is not a solution, no matter how 
illustrious its pedigree may seem to have been.” 


Ep S. Smirn, Jr.'2 Any attempt, such as the author’s, to 
convert an art into a science is likely to be a temporary step 
backward on account of the oversimplification usually required 
for setting up basic formulas, as the writer learned when he made 
an analysis of flow controllers for industrial use'® which was less 
formal mathematically than other analyses in this field. Certain 
of the principles stated by the author as being more or less new 
are recognized as established practice with governors for steam 
and water turbines. In one division alone of the U. S. Patent 
Office are listed the following patents on “Control by Higher 
Derivatives: 1,436,280; 1,497,164; 1,703,280; 1,860,821; 
1,916,477; 1,936,763; 1,946,280; and 1,955,680. Nevertheless, 
the author’s concise statement of the basic relations in mathe- 
matical form is commendable. 

Physical and mathematical analyses of controllers for boilers 
have been published by Hodgson and Ivanoff in England. While 
there are differences between the author’s and the foregoing pres- 
entations, these are expected, and even desirable, in the present 
condition of the literature on controlling. Further, it seems ad- 
vantageous to have an early symposium at which other view- 
points could be briefly presented. After this airing of the whole 
matter, those participating in the symposium could form a re- 
search committee to consist only of members who, as a small 
group, would actively agree upon the definitions and basic rela- 
tions involved for immediate publication. Some material of 
interest in this direction has been given by M. F. Behar.?* 

In an analysis of control, the phenomena may be taken as 
transient and subject to cyclical variations. It is then convenient 
to use some form, possibly series, of cosine expression for the 
relation between the controlled variable and time. This formula- 
tion clearly brings out the phase relations, as of inertia effects, 
for example, that determine whether hunting oscillations tend to 
increase or decrease in amplitude, which tendency is expressible 
by a suitable decrement, as is familiar in alternating-current and 
vibration-damping theory.'*!4 This treatment also furnishes 

10 ‘‘Analysis of Fluid Rate Control Systems,’ by Ed S. Smith, Jr., 
Instruments, vol. 6, March, 1933, p. 54. 

11 **Advanced Calculus,’’ by W. Osgood, The Macmillan Company, 
New York, N. Y., 1922. 

12 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E. 

13 “Vibration Damping, Including the Case of Solid Friction,” by 
A. L. Kimball, Trans. A.S.M.E., vol. 51, 1929, paper APM-51-21, 
pp. 227-236. 

14 “Steady Forced Vibration as Influenced by Damping,” by L. S. 


Jacobsen, Trans. A.S.M.E., vol. 52, 1930, paper APM-52-15, pp. 
169-181. 
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the optimum values of the constants for given control condi- 
tions. It is believed that engineers generally make more use of 
such solutions than of the corresponding differential equations as 
presented by the author. Since continuity was assumed with 
the previously discussed differential equations and their solu- 
tions, these fail to apply strictly to cyclically operated con- 
trollers to which, however, their teachings still apply broadly. 

It seems ideal in practice to have a cyclically operated meter 
responsive to the controlled variable to govern the control 
cyclically, since such a meter has time to respond to one control- 
ling act before initiating another. Further, such meters flexibly 
lend themselves to desirable integrating and differentiating modes 
of control. Also, as to the author’s second paragraph, adequate 
data are seldom available at the time of ordering control equip- 
ment. This equipment must be made in quantity commercially 
and consequently have enough flexibility and ease of adjust- 
ment so that it can be readily fitted to the individual control 
application. 

For general use with liquid-level, flow-rate, and temperature 
controllers, the various electrical means proposed by the author 
seem too rapid in their action. Thermal, hydraulic, and kinetic 
means of longer period are generally more suitable for such indus- 
trial controllers. 


H. A. Rounick.!* The rational solution of automatic-control 
problems has been scarcely attempted, or if it has been attempted, 
the published results have been meager. The author of this 
paper is to be congratulated for his study on a rational solution of 
automatic-control problems. His formulation of the types of 
control actions points the way to a convenient classification from 
a fundamental viewpoint which should go a long way toward 
clearing up the present confusion of terms and ideas in automatic 
control. 

The complete theoretical solution of an automatic-control 
problem involves a knowledge of the process or condition to be 
controlled. Furthermore, the complete solution involves the 
interaction of controlling element and controlled element. How 
difficult this becomes is well known to all who have tried to find a 
complete solution. Some idea may be obtained of the difficulty 
by reading chapter 9 of ‘“‘“Governors and the Governing of Prime 
Movers,” by W. Trinks® on comparatively simple problems of 
speed control. 

As a result, the development of automatic-control mechanisms 
preceded the development of any theory. The simplest kinds of 
control were originally satisfactory for the simple processes when 
the high accuracy demanded today was unknown. As industrial 
processes developed in complexity and as higher and higher stand- 
ards of accuracy were demanded, the automatic-control mecha- 
nisms increased in flexibility and effectiveness. The numbers and 
types of automatic-control mechanisms have increased so greatly 
in the last few years that a fundamental classification will clarify 
the entire problem and help to determine which way to proceed. 

While such fundamental considerations should be useful in 
complex control problems, it is well not to lose sight of the fact 
that the large majority of automatic-control applications of 
economic necessity still make use of the on-off or two-position 
controller, which is the simplest type of control. In these 
applications the question of sensitiveness is an important one. 

Those experienced in automatic control know how important 
sticking in a control valve may become. The problem of sticking 
is not unimportant when one stops to consider that control valves 
and sometimes whole control mechanisms must be subjected to 


corrosive atmospheres or placed in the open and subjected to cli- 
matic conditions. 


‘6 Physicist, Brown Instrument Company, Philadelphia, Pa. 
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An illustration may be valuable. In the control of a petroleum- 
cracking unit the temperature of the oil has to be maintained 
within a few degrees or + 0.5 per cent, so that the total permis- 
sible variation in fuel flow to the furnace of the cracking unit is 
+1 per cent of the total flow. Although control mechanisms 
have been designed which will respond to a change of temperature 
of 0.1 per cent, it is difficult to find a control valve which will 
respond to a change equivalent to less than 1 per cent of its full 
travel. 

As previously mentioned by the writer, the author's classifica- 
tion of automatic-control apparatus is interesting. Some re- 
marks, however, on the particular classes are in order here. Later 
in this discussion, some of the difficulties of applying these simple 
formulas will be described. 

Considering the author’s Class-I regulators, they give that type 
of regulation in which the controlling element has to overcome 
fluid friction. The control produced is stable but slow to act, so 
that rapid variations in the controlled element are not well taken 
care of and rapid, wide variations in the controlled temperature, 
pressure, or controlled element follows wide, rapid variations in 
supply or demand. In the author’s example of the Class-I regu- 
lator, Fig. 3 of the paper shows a needle valve 4 in the fluid-supply 
line. This could hardly produce a rate of flow proportional to the 
pressure difference across it whether the flow was viscous or turbu- 
lent. Since a needle valve is an orifice unless it closely approxi- 
mates a capillary tube in size and shape, the rate of flow through 
it will be proportional to the square root of the pressure drop. 
However, the liquid dashpot will bring about the desired action. 

The author’s Class-II regulator is the most usual type of con- 
trol. Most on-off controllers, three-position controllers, and 
throttling controllers behave according to this general rule. The 
chief fundamental difference between these controllers is the 
value of the constant k;. Its value defines what has been called 
“throttling range’’ or “‘sensitivity.’’ If its value is large so that a 
small change in the controlled element produces a large valve 
movement, we get nearly on-off action, i.e., a narrow throttling 
range or high sensitivity. If the value of k; is small, so that a large 
change in the controlled element is necessary for a large valve 
movement, then we have a wide throttling range or low sensi- 
tivity. In some control mechanisms this constant is adjustable 
and is adjusted to suit the process. 

At first glance one would wonder why it is necessary to dimin- 
ish the sensitivity of the control apparatus. One must remem- 
ber, however, that in most control applications there is an appreci- 
able time lag between a control-valve movement produced by a 
change in the controlled element and its effect on the instrument 
doing the indicating and controlling. Take, for example, a ther- 
mostat placed in a room to contro! the temperature by turning off 
the steam to a radiator in the room. As the room comes up to 
temperature from the cold state, the radiators must be consider- 
ably hotter than the room. When the control temperature is 
reached, the thermostat acts to shut off the steam from the radia- 
tor. Since, however, an appreciable length of time must elapse 
before the radiator cools, the temperature keeps rising for some 
time until the heat output from the cooling radiator equals the 
heat lost through the walls of the room. Then the temperature 
falls, and, when the control temperature is reached again, the 
steam is admitted to the radiator. Since some time is required 
before the radiator is warmed up sufficiently to supply the heat 
lost through the walls of the room, the temperature falls below the 
control point and the process is repeated. If instead of opening 
the steam valve completely it is only partially opened, a more 
gradual action would take place and it would be possible to elimi- 
nate constant cycling of the temperature above and below the 
control point. 

The kind of control given by the author’s Class-III regulator 
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is typical of the most successful control instruments in use today. 
The addition of the integral term produces a valve action which 
keeps the control point at the desired position regardless of 
changes in energy supply or demand. 

The term including the integral provides what has been called 
“escapement action,” “automatic reset,” and “load compensa- 
tion.” Its function is to keep at the control point regardless of 
changes in energy, demand, or supply. 

There are several ways of looking at Equation [3] for the Class- 
III regulators. Normally the valve opening in a temperature- 
control application is proportional to the heat supply, so that we 


may write 
te 
Pdt 
ti 


where P = the temperature of the element controlled, and H = 
the heat supply. If the second term on the right is temporarily 
neglected 


H = k'P or H/P = &' 


i.e., the throttling or follow-up action tends to maintain a con- 
stant proportionality between the heat supply and temperature. 
If the heat supply should increase, the temperature would rise, or 
if the temperature falls due to increased demand, the heat supply 
would fall; any change in energy demand would give a tem- 
perature different from that at the control point. 

In practice the constant of proportionality is adjusted so that 
no hunting action takes place. Therefore, at the control point 


te 
H. = k'P, + Pat 
th 


where the subscript ¢ refers to conditions at the control point. 
Then 


ts 
H—H, = k'(P— P) + (P — P.)dt 


Since the heat demand is nearly proportional to the temperature, 
the difference in temperature is proportional to the extra energy 
required and the integral gives the additional energy supplied, 
or vice versa. Hence, the valve opening supplies just about 
what the process demands to keep the control on the line. 

In cases when the controlled process has a very long time lag 
so that the constants of adjustment take care of slow changes, a 
wide, rapid variation in energy demand or supply will produce 
momentary deviations of the controlled element from the con- 
trolled point. When these rapid variati 1s occur frequently, 
the type of control given by the author’s Class III does not pro- 
duce as satisfactory a control as is sometimes desired. 

The type of control given by Class IV is produced by the 
addition of a spring to the pressure regulator shown in Fig. 3 
in the paper to oppose the action of the pressure on diaphragm 1. 

The type of control given by Class V is similar to that in the 
Class-III regulator with the addition of an element which produces 
a force dependent on the control-valve position. This additional 
element, according to the author, provides an automatic adjust- 
ment of the primary impulse. 

The types of control shown in Classes VII to XII are claimed to 
be novel. They differ from the first six types by the addition of 
terms involving the rate of change of the controlled element and 
the rate of the rate of change of the controlled element. While 
some of the complex types involving several terms are novel, the 
Classes VII and IX, showa by the author’s Equations [7] and [9], 
have been claimed before. Since the others are combinations of 
these two classes with the previous six classes, they can hardly 
be considered entirely new. 


In Class-LX controls, a patent issued to L. Behr, No. 1,497,164 
on June 10, 1924, on control method and apparatus, claims a 
mechanism which produces a control movement proportional to 
the sum of deviation of the controlled element and the second 
derivative with respect to time of the controlled element. An 
examination of this patent indicates that it follows Class VII rather 
than Class IX. 

A modification of the Class-VII control types which follow the 
law 


F + k,(dF/dt) = + ks(dP/dt) 


are described in two patents, one by Guido Wunch, No. 1,920,827 
(reissue No. 19,276 granted August 14, 1934), and one by T. R. 
Harrison, No. 1,946,280, granted February 6, 1934. Both of the 
mechanisms described in these two patents provide a rate of 
change control due to the term (dP/dt). 

The types of control given in Classes X, XI, and XII make use 
of a rather formidable array of equipment. This is not to con- 
clude that applications for these may not be found, but it is the 
writer’s belief that the successful control applications which can 
be made with a rather complicated control mechanism are not 
great in number. 

The justification for types of controls producing valve move- 
ments proportional to the rate of change of the controlled element 
is the elimination of the effect of time lag on the control of the 
process. Theoretically, this is quite sound and it has been recog- 
nized for some time by the anticipatory features of control instru- 
ments. Also, the effect of inertial forces in general require control- 
valve movements dependent on the second derivative with respect 
to time of the deviation of the controlled element. 

Some of the difficulties in applying control mechanisms of 
Classes VII to XII, inclusive, particularly in temperature control, 
revolve about the fact that for process conditions which vary 
widely, the constants in the equations change so that additional 
adjustments are necessary, so that what was intended to be full 
automatic control must be hand-adjusted when widely varying 
conditions are met. For example, the constants in the case of 
temperature include heat-transfer constants which are not con- 
stant but vary among other items with flow rates, temperature, 
and pressure, and sometimes vary quite widely. 

It would be rather foolhardy to prophesy the future of auto- 
matic-control development. It is hoped that the field of useful- 
ness of automatic control will widen continuously. The author 
should be thanked for an instructive classification of types of 
control which helps clarify the situation from a fundamental 
standpoint. 

Time and experience with the equations and classifications 
given by the author will determine their ultimate usefulness just 
as the interaction between the controller and the controlled 
element brings out the ultimate usefulness of a controlled 
mechanism, 


C.S. Ropinson.'* Mr. Mitereff’s paper in its full development 
should prove of great assistance not only in regulator design 
but also in the design of the entire system, particularly since the 
application of any of several excellent control devices now avail- 
able will have as much bearing on the quality of the result secured 
as the design of the regulator itself. 

In order to follow such changes closely and accurately with 
the minimum disturbance to the system under control, the 
regulator should be arranged to receive without distortion the 
actuating impulses the instant they are generated and should 
be designed to convert these impulses instantly to a force 


16 Engineering Department, E. I. du Pont de Nemours & Com- 
pany, Wilmington, Del. Assoc-Mem. A.S.M.E. 
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sufficient, and only sufficient, to correct the change causing the 
impulse. 

The division of the system into its major parts, that is, (a) the 
system to be controlled, and (6) the automatic-control apparatus, 
is not always an easy problem. As an example, consider Fig. 1 
of the paper as a simple automatic-control installation. Nor- 
mally, the float chamber 3, float 4, valve 5, and the linkage 
connecting these would be considered the automatic apparatus. 
Mr. Mitereff’s equations in the caption to his Fig. 1, which are 
intended to show the relationship of the levels in tank 1 and 
chamber 3, are based, however, on the effect of pilot line 2, a 
part of the installation not normally considered as part of the 
automatic-control apparatus. Any apparatus, therefore, de- 
signed to solve these equations would have to include the pilot 
line as part of itself. 

While the author has probably made several assumptions, 
not specifically stated in his paper, as a basis for the equations 
in the caption of his Fig. 1, there are, in the writer’s opinion, 
other factors to be considered before these equations can be 
considered universally adaptable. The writer contends that 
the upper pilot line could have, under certain circumstances, 
an appreciable effect on the relative levels. Furthermore, if 
tank 1 is considered a boiler and chamber 3 a boiler-feed regu- 
lator, the relative levels would seem to be affected by other 
factors such as the relative densities and the extent of ebullition 
of the water. 

The design of valve 5 in Fig. 1 of the paper would also affect 
the result obtained even though the float 4 were placed in tank 1, 
the ratio of the leverage increased, and the other conditions 
stated in the latter part of the paper obtained. 

The writer is also interested in the development of the equa- 
tions for various classes of regulators. In developing the example 
of the Class-I regulator, the author states the relationship be- 
tween the speed of movement of fluid through valve 4 in Fig. 3 
of the paper and the speed of movement of valve 2, but does not 
appear to connect this latter with the expression dF/dT. A 
more detailed analysis would seem necessary, particularly when 
considering the various designs available for valve 2. 

Recent experience with several valves similar to the type 
shown in Fig. 3 of the paper, but without a dashpot, offers a 
definite example of the effect of the valve design on the operation 
of the entire regulator. The writer found it possible to obtain 
an excellent characteristic, that is, the relation between P and 
valve position, when no steam was flowing. Steam flow, how- 
ever, changed this considerably and it was possible to obtain 
the desired result only by redesigning the valve. In the case 
referred to by the writer, the forces acting on the valve sleeve 
changed in some unknown relation to the change in steam flow 
which in turn changed P; — P2. No amount of adjustment on 
valve 4 could correct this situation. 


E. T. Jounson.!7 The author has given a thorough mathe- 
matical analysis of the problem involved in overcoming the 
effect of time lag in a regulator. While it is admitted that the 
methods of solving control problems have been more or less 
empirical and that more rational methods would be desirable, 
it is questioned whether it would pay in practice to overcome 
the mechanical difficulties in making a regulator by applying 
the author’s suggestions with all their complexities. 

Inasmuch as hunting in a regulator is caused by overcorrection 
by the regulator itself, due to the various lags in the system, it 
is difficult to see how a regulator large and sensitive enough to 
handle the load variations in the installation without any appre- 
ciable shift in the control point could be made to move with such 
precision as not to have any tendency to overcorrect. 


1” Regulator Company, Chicago, Ill. Mem. A.S.M.E. 
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The writer cannot agree with the author that sensitiveness 
and sticking are insignificant factors. It is a well-known prac- 
tice and has been shown by M. F. Behar* that reducing the 
sensitiveness of a regulator will eliminate hunting at a cost of 
inability of the regulator to maintain the control point with a 
change in load. If this latter feature were not important, there 
would be no necessity for other means to eliminate hunting. 
Also, sticking will cause sudden great variations in the flow of 
the controlled medium, which is conducive to hunting and 
should be eliminated entirely if possible. 

With a knowledge of the facts that (1) hunting can be elimi- 
nated by reducing the sensitiveness of the regulator and (2) a 
high degree of sensitiveness in the regulator is required to 
prevent an appreciable shift in the control point with a change 
in load, there remains for the instrument designer the only 
alternative of slowing down the valve movement without reduc- 
ing the sensitiveness of the regulator. 

The writer agrees with Mr. Mitereff’s opinion that the re- 
tarding of the valve by means of a dashpot can only be excused 
by a want of a better method. Any method for temporarily 
slowing down the valve movement should be applied as close 
to the primary element (such as the thermostatic bulb of a 
temperature regulator or the float of a liquid-level controller) 
as possible. 

It is known that a capacity in the controlled medium will 
slow down the valve movement and thereby eliminate hunting. 
A device applied to the primary element and having character- 
istics similar to that of a capacity in the controlled medium 
would, therefore, eliminate hunting of the valve. This device 
would smooth out the effect of violent changes around the 
primary element by storing up the excess of energy fed into this 
element by a departure from the normal plus value and feed 
this energy back into the primary element on the following 
departure from the normal minus value. This will reduce the 
regulator’s sensitiveness to sudden fluctuations in load but not 
to fluctuations of a longer period. 

It is well known and has been pointed out by M. F. Behar’ 
that a regulator should react faster to a large sudden departure 
from normality than to a smaller one. This can be accomplished 
by having the device gradually build up resistance to the storage 
of more energy. 

How a device of this kind is applied to a self-operating tem- 
perature regulator is shown in Fig. 1 of this discussion. In this 
regulator the bulb 5 and the capillary connecting tube 3 are 
normally filled with a volatile liquid while in the vaporizing 
chamber 46 where normally exists a partial vacuum. A slight 
increase in temperature around the bulb 5 will force a portion of 
the liquid into the chamber 46 where it will flash into vapor and 
close the valve with a throttling action. A #/,-in. valve with a 
bulb °/s in. in diameter and 12 in. long will move from open to 
closed on a variation of 1 F. 

In installations with little or no capacity a regulator of this 
type will hunt due to too rapid valve movement with consequent 
overcorrections. The hunting eliminating device consists of 
a shell forming a liquid-filled chamber 79 (this chamber com- 
municates with the rest of the thermostatic bulb 5 through the 
capillary tube 76, the length of which is a certain predetermined 
fraction of the overall length of the capillary connecting tube 
3 between the valve and the bulb 5), and a flexible metal bellows 
77 sealed at both ends and filled with a compressible fluid such 
as air. 

Under normal operating conditions, the pressures on both 
sides of the bellows 77 are in equilibrium. A decrease in load 
with consequent increase in the temperature of the controlled 
fluid will expand the liquid in the thermostatic bulb 5. 

Because of the lesser resistance in the tube 76 relative to the 
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tube 3, the greatest part of the increment in volume of the liquid 
in the bulb 5, as a result of its expansion, will flow into chamber 
79 and compress the bellows 77. A small departure from 
normality of short duration will be almost entirely absorbed 
by chamber 79. Should this departure persist, the valve will 
finally become actuated to the full value of the increment 
volume in the bulb 5, at which time the pressures on both sides 
of the bellows 77 again will be in equilibrium. 

When the departure from normality increases in value, the 
amount of liquid flowing into the shock-absorbing chamber 79 
and the vaporizing chamber 46 increases correspondingly. 

As the bellows 77 is being compressed due to the inflow of 
liquid into the chamber 79, its resistance to compression builds 
up due to the natural spring tension in the bellows. The pressure 
in the chamber 79 builds up accordingly with resultant resistance 
to inflow of liquid through the tube 76. Therefore, as the de- 
parture from normality increases in value, so will the amount of 
liquid flowing through the tube 3 increase relative to that of the 
tube 76 with a resultant increase in speed of valve movements. 

It has been shown that a departure from the normal plus 
value will force a portion of the liquid in the bulb 5 into the 
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Fig. 1 AND CAPACITY-CONTROLLING ELEMENT 


chamber 79, thereby temporarily reducing the speed of the valve 
movement. It will be seen that a departure from the normal 
minus value will contract the liquid in the bulb 5 with a resultant 
decrease in pressure in the bulb. The liquid in the chamber 79 
will then flow out into the bulb 5 until the pressures on both sides 
of the bellows 77 are in equilibrium, in the meantime reducing 
the rate at which the valve throttle 37 will open. 

For more complicated processes it might be desirable to adjust 
the rate at which the spring tension in the bellows 77 increases, 


which in turn will change the rate at which the valve movement 
will be speeded up with an increase in the departure from nor- 
mality of the controlled process. 

This can be accomplished by placing chamber 75 in such a 
position inside or outside bulb 5 that a spring or other means 
can be made to resist the compression of the bellows 77. Ad- 
justments are made by changes in the effective length of the 
spring rather than by changes in the spring tension. It is 
evident that a damping device of this kind can be applied to 
other types of regulators than the one shown in Fig. 1 of this 
discussion. 


P. W. anp E. A. Saro.'® The author has intro- 
duced equations for expressing the characteristics of regulators. 
He has also stressed the desirability of dP/dt as a regulator 
characteristic for counteracting time lag. These appear note- 
worthy contributions to the art of automatic control. 

This paper concentrates so much on lag in control lines that 
the dP/dt regulator might appear restricted to this one field. 
However, many other and more formidable time lags have to 
be dealt with. It would seem that dP/dt, being a direct measure 
of difference between input and output, could be used to guide 
the regulator in any case where great time lags are encountered 
and very good accuracy is desired. 

The writers have used a simple device to regulate the coal 
input into ball-type unit mills, the response of which was slow. 
It was desired to have the overtravel of the feeder speed regu- 
lator vary with the rapidity of the control demand, which is 
dP/dt, because full travel was known to be necessary to take 
care of rapid changes in load and steam pressure. The char- 
acteristic equation of this regulator does not contain dP/dt, and 
is of the general order of the author’s Equation [5], though much 
more complicated. This equation is 


F = K,P — [K:/(Ks + Ki Pat — Fat)] 


Nevertheless, if properly designed and adjusted, this regulator 
resembles the dP/dt regulator so closely in action that a similar 
regulating effect should be obtainable. The actual regulator 
contains a servo-motor and a speed-measuring device and is 
attached to rheostats; it really controls mill output. Its prin- 
ciples may better be illustrated diagrammatically, assuming 
control of compressed-air pressure, and omitting the servo-motor. 

Fig. 2 of this discussion shows at the bottom a compressed- 
air line with supply from the right. The control valve O regu- 
lates the constant pressure N, while the demand at M varies 
in an irregular manner. The pressure N is led to diaphragm U 
over which there is a liquid. This liquid communicates through 
needle valve R with the closed chamber T containing diaphragm 
V, equal to U in area. These diaphragms actuate valve O by 
the differential linkage shown. The motion of the diaphragms 
should here be looked upon as so small that the pressure in T 
is not affected by it. Upon a change in N, called P in the 
paper, the regulating effect F is great at first because the préssure 
in T cannot change immediately, and nearly equals K X P X A. 
As the pressure in 7 gradually changes due to liquid flowing 
through R, F decreases until F finally equals only KP(A — B). 
In the actual regulator B equals 0.9A. The writers have de- 
termined the shape of some curves of F against time. In this 
discussion B was assumed to be equal to 0.95 A which is entirely 
feasible and brings out the characteristics of this regulator more 
clearly. The small effect of the liquid level on pressure has 
been neglected. The liquid flow in the actual regulator is 
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probably not strictly viscous but a mixture of hydraulic and 
viscous. This improves its action somewhat, but straight 
viscous flow was here assumed for the sake of simplicity. 

At the top of Fig. 3 of this discussion are shown assumed 
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curves of control deviation P against time. These curves are 
constant at first, then they fall at a uniform rate, finally remain- 
ing constant again. It is convenient to use a simple curve of P. 
But the sudden changes in dP/dt, as P abruptly starts and stops 
falling, imply sudden rises and drops in control demand. The 
dashed curves show the author’s regulator with F equals K,P + 
K:dP/di. The full-line curves show F of the regulator shown 
in Fig. 2 of this discussion. It is seen that the action of this 
regulator resembles that of the dP/dt regulator quite closely. 
It is seen that its F rises rapidly as dP/dt changes from 0 to its 
rate of drop. When P stops falling, F drops off sharply. 

To show that this overtraveling effect is approximately 
proportional to dP/dt, F curves are shown at the right of Fig. 3 
of this discussion for double dP/dt, i.e., P falling twice as rapidly. 
It is seen that F for Fig. 2 of this discussion (full line) is approxi- 
mately proportional to dP/dt, as seen by the F of the dP/dt 
regulator (dashed line). 

Regulators of this type have given satisfactory service in 
reducing time lag of unit mills. It might be supposed that it 
is difficult to maintain the dead air space in the closed chamber 
T. But this has been giving no trouble whatever. This type 
of regulator may also be varied in many ways. One interesting 
possibility would be to replace the top of chamber 7 with a 
spring-loaded diaphragm with or without air under it. Without. 
air, the author’s Equation [5] is fulfilled. The regulator action, 
however, does not come as close to the dP/dt type. 

In other difficult cases comparatively simple regulators 
with equation F = K,fPdt + Kzp have given good service. 
It has been found that K, can usually be made quite large without 
hunting, so that the regulator can be made to overtravel con- 
siderably, thus speeding up sluggish equipment. 

Nevertheless, for many cases the dP/dt regulator would appear 
well justified in spite of its inherent complication, because 
dP/dt is a direct and accurate measure oi how far the regulator 
should move. 


R. L. GorrzensBerGer.”® In his attempt to classify con- 
tinuous-type automatic controllers on the basis of the deviation- 
reaction characteristic, Mr. Mitereff has made a thorough and 
commendable mathematical study. However, it seems to 
me to lack a great deal in being a treatment of the principles 
of automatic control as the scope of its title might indicate. 

The fact that little may have been published on the subject 
of automatic regulators does not imply that manufacturers of 
this apparatus have not explored scientific grounds and are not 
familiar with the fundamental equations expressing character- 
istics. Where empirical methods have been resorted to in the 
solution of any problem it is because the physical conditions 
under which the apparatus is to operate and the rare demands 
for extreme precision do not warrant the utilization of complicated 
mechanisms with consequent high apparatus costs. However, 
agreat deal of thought is being given to the development of devices 
that will more nearly solve automatically the mathematical 
equations and still keep them within the realm of practical and 
economical application where performance, accuracy, and low 
maintenance expense must be preserved. -The trend of this 
thought has been recorded ably by M. F. Behar,’ who not only 
gives industry and the instrument maker an up-to-date treatise 
but also educates them in the use of a common language through 
suggested terminology, a contribution worthy of serious con- 
sideration by standardization committees of the engineering 
societies. 

Certainly no control manufacturer is desirous of conducting: 
experiments at his customers’ expense, yet it must be recognized 


20 Manager Industrial Regulator Division, Minneapolis-Honeywell: 
Regulator Company, Minneapolis, Minn. Mem. A.8.M.E. 


2 
6 
HES 
| 
| 
\ 
ie 
d 
| 
: | 
— 
— 
the 
Mid 


DISCUSSION 63 


that the complete solution of an automatic-control problem 
involves more than a concept of the characteristics of a regulator 
which can be expressed mathematically. It also necessitates 
knowledge of the wide variations in processing conditions. 
Therefore, it is not unreasonable to expect that in the instance 
of unusual installations some cut-and-try methods of adjust- 
ment will be required, and this may even exist in the instance 
of the more general ones until there have been accumulated con- 
stants for all typical examples which, in the case of temperature, 
include those for heat transfer that are not constant but vary 
with such factors as temperature, pressure, rates of flow. Ex- 
perience, gained through well-engineered applications, coupled 
with the equations advanced by Mr. Mitereff seems to offer the 
practical solution to most automatic-control problems. 


ArtHUR Epwarps.*! Mr. Mitereff’s paper is a notable 
contribution to the subject of automatic control. The formulas 
presented are distinct and apply to a certain aspect of the system. 
One would have to apply them to difficult cases in order to eval- 
uate them and comment on their use. ‘A number of control 
factors such as the speed-load characteristics of the machines 
governed have been eliminated purposely from the formulas 
and an attempt to include them would only complicate a paper 
which already has had to be cut for publication. It is to be 
hoped that Mr. Mitereff will cover these related phases of regu- 
lation in his forthcoming book. 

Unfortunately, Mr. Mitereff will discover that a large pro- 
portion of the regulator-using public is frightened more by an 
integral sign than by the fact that regulation has been haphaz- 
ard in the past. This paper is of value, however, to persons who 
are responsible for the development of the art, and the average 
user need not be aware that a differential equation lies behind 
the development. 


E. F. Hanrorp.”? Mr. Mitereff has presented a qualitative 
mathematical analysis of the behavior of automatic-control 
apparatus which merits considerable study. In designing a 
new plant the engineer selects the type of control which his 
experience tells him is best fitted for the problem at hand. He 
may visit the plant a year or so later and find the automatic 
control disconnected or inoperative and wonder at the stupidity 
of the operators. The engineer and operator have both done 
their best, but the operator has come to the conclusion that while 
the controls can be made to work, he can get better performance 
without them. 

After the plant is in operation, plant engineers are careful 
in installing automatic controls and rarely do so unless they have 
had some experience with an identical installation. They have 
to talk to the management in dollars and cents. 

These same engineers would have installed almost any other 
piece of equipment with less hesitation. The difference is due 
to the fact that the characteristic behavior of the several types 
of controls is only known empirically. The past twenty years 
have seen an ever-increasing invasion of these robots, good and 
bad. With the assistance of Mr. Mitereff’s dissertation on 
automatic-control problems, engineers will probably learn that 
all automatic-control equipment will operate successfully when 
properly chosen. 


Enpres Zrauas.** Mr. Mitereff’s paper is of interest and 
deserves commendation. The lag element in automatic-control 
apparatus as explained by the author is an important feature 
of such equipment. With the aid of the equations derived in 
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the paper, the accuracy of automatic regulating mechanisms 
should be increased and undue waste of fluctuating control 
eliminated. 


W. F. Ryan.** There is much food for thought in Mr. Mite- 
reff’s paper for the designer of any important control. It is 
of little importance to any one, except perhaps Mr. Mitereff, 
whether or not the Class-VII to Class-XII regulators are really 
new. The important questions are: 

1 Can the desired results be obtained more directly, more 
positively, more simply, or more cheaply than they are commonly 
obtained by existing devices? 

2 Can the painful cut-and-try period, which is usually 
experienced on any really new control problem, be shortened 
by a rational analysis of the problem? 

There has been much valid criticism of Mr. Mitereff’s paper, 
but some of the discussion might have been omitted if the dis- 
cussers had understood the meaning of the word “rational,” 
as it is used in the title. Nevertheless a great mass of practical 
experience has been built up by cut-and-try and rule-of-thumb 
methods, and this experience is of much value in the solution 
of any problem of regulation. 

In spite of the literature which has been cited, consideration 
of so highly developed a device as the governing mechanism on 
a large turbo-generator, in the light of Mr. Mitereff’s analysis, 
leads to the belief that the rational approach has been somewhat 
neglected. Differential effects have been recognized in governor 
design since the days of Watt, but they have been suppressed 
by great weight and power. Suppose, instead of suppressing 
these effects, they were turned to account in promoting regula- 
tion, as Mr. Mitereff suggests? Would regulation be better, 
simpler, or less costly? One of the greatest problems in the 
design of the Panama Canal was solved when the engineers 
ceased trying to divert the Chagres River and decided to make 
use of its waters in the operation of the canal. 

There is no discrepancy between theory and practice, in any 
field whatsoever, if the theory is sound and complete. It is 
the particular function of a society like ours to reconcile theory 
and practice; in other words, to bridge the gap between the 
pure scientist and the practical plumber. We must apply the 
test of practical experience to all new theories before they are 
accepted. Conversely, we should apply mathematical and 
scientific analysis to those arts which have been developed 
chiefly by practical experience. 

Mr. Mitereff’s paper is an effort to apply mathematics and 
science to the problem of control. He is not the first to make 
this attempt, but he is perhaps responsible for awakening many 
members of this Society to its possibilities. In spite of defects 
which have been pointed out by competent critics, the paper 
can be made an instrument of much value to designers of regu- 
lating equipment if it induces them to attack their problems 
along rational lines, whether they adopt Mr. Mitereff’s analysis, 
or apply original methods of their own. 


AutTHOoR’s CLOSURE 


P. S. Dickey remarks that the paper omits the equation ex- 
pressing the relationship between the motion of the final operating 
element and the rate of flow of energy of a fluid to or from the stor- 
age. For dynamic conditions the form of this equation will depend 
upon what M. F. Behar® calls “application time lag.” It was 
taken for granted, moreover, that the ports of a regulating valve 
should be so designed as to result, at static conditions, in the rate 
of flow substantially proportional to its opening. 
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By an electrical contactor was meant a rheostat which is an 
electric counterpart of the fluid resistance of a valve. 

A pilot line was selected as a typical example of the time lag 
simply on the basis of the case of analysis. However, in the com- 
plete text of the paper®* an analysis is made of the time lag which 
occurs often in the response of the system to the action of the 
regulator (‘‘application lag’). 

Attention is called in this connection to the statement in the 
paper that ‘The time lag arising from the use of a pilot line is 
typical of any other source of time lag in any other part of the 
controlled system.”’ Due to lack of space for detailed explanation, 
it was intended that this statement should be taken at its full 
face value. This latter kind of time lag is probably more im- 
portant from a practical standpoint than is the time lag in the 
transmission of the primary impulses, as P. W. Keppler and 
E. A. Salo pointed out in the example from their experience. 

Another example of the time lag between the action of the 
regulator and the response of the system to it was cited in cur- 
rent literature. 

An installation was described in which it was desired to control 
the speed of induced-draft fans driven through a hydraulic type 
of variable reducticn gear, the time lag occurring in the gear. 
After some experimentation, the problem of encountered violent 
“hunting” was solved by the installation of auxiliary dampers. 
A much more economical and satisfactory solution could have 
been obtained by the use of a regulator of characteristic VII or 
perhaps IX, depending upon the particular kind of time lag of 
the reduction gear. Such rational solution would have eliminated 
the waste of power due to auxiliary dampers of the empirical 
solution adopted. 

The voltage regulation of a generator is another good instance 
where characteristic VII would be of great advantage in counter- 
acting the lag due to electrical inertia of the magnetic field. 

Referring to P. R. Dickey’s criticism of the solution of the level- 
control installation shown in the paper, the solution presented 
is quite correct and complete. For the installation shown in Fig. 1 
of the paper, for instance a regulator of characteristic 1X should 
be used to (1) counteract the resistance of the pilot line 2 if it 
were very short and (2) counteract the inertia of fluid in line 6 if 
it were comparatively long. In this case the constant K, in Equa- 
tion [9] could be increased so greatly that the shape of the 
valve 5 would be of practically no importance; even a disk- 
shaped valve would be sufficient. 

In so far as the three-element type of boiler-feedwater regulator 
is concerned, the author fully recognizes its advantages in this 
particular application as well as in all other installations where 
it is either impractical or impossible to measure accurately the 
amount of fluid or power in storage. This however, does not 
occur very often. 

On the other hand, if it were practicable to suspend a boiler on 
a scale, so as to be able to measure the amount of water in it 
independently of “swelling,’’ a regulator of simple characteristic 
II would have given even better results. 

The inconsistency in the use of symbols noted by P. 8. Dickey 
is only apparent, since the distance traversed by a regulating 
valve is the final regulating effect of a regulator actuating the 
valve, while the rate of flow through the valve depends upon the 
conditions of the system external to the regulator. 

The discussion of M. J. Zucrow is not very pertinent. The 
term “a measuring instrument” is not a particularly good one, 
since there is nothing about the diaphragm of a pressure regulator, 
for instance, which would indicate the pressure applied to it, 


26 The author's published paper did not include a complete demon- 
stration of all the regulators mentioned by the author. However, a 
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especially if there is no relationship between the pressure and the 
distance traversed by the diaphragm. ‘The author could never 
understand the reason for voluminous theoretical literature on 
speed governors of steam turbines and engines. Due to an almost 
complete absence of the time lag all one has to do to completely 
solve the problem is to design a very accurate and powerful 
governor having the characteristic IT. 

That the practical difficulties of designing such a governor are 
not insurmountable is attested by an excellent fluid-pressure 
governor of this characteristic developed in recent years by the 
Westinghouse Electric and Manufacturing Company. 

The division of regulators into self-operating and relay con- 
trollers is unimportant, since both of these types can have prac- 
tically any basic characteristics. If a great power is required a 
relay would naturally be used. 

The term “controller period’? mentioned by Dr. Zucrow is 
just another name for the time lag inside the regulator itself. 
This time lag distorts the performance of a regulator as com- 
pared with its theoretical basic characteristic and it is the duty 
of the designer to minimize this distortion. The first step, how- 
ever, is to decide just which basic characteristic is correct for a 
given system external to the regulator, because if the basic 
characteristic is not properly selected, even a perfect regulator 
of this characteristic will be unsatisfactory. 

The classification in the paper is based not on “metered reaction 
time’ but is made according to the basic performance character- 
isties, that is, according to the fundamental relationship between 
the primary impulse actuating the regulator and its final regu- 
lating effect (movement of the valve). 

The author is in perfect agreement with the quotation closing 
the discussion of M. J. Zucrow. 

The classification given by Ed 8. Smith, Jr., is incomplete and 
his designation of the corresponding classes of the paper is purely 
verbal and therefore indefinite. One may call a regulator of 
Class II “corresponding” or a regulator of Class III “‘compensat- 
ing’ but it is much more definite to express its performance 
by a mathematical equation. 

The examples of the regulators in the paper are mostly illustra- 
tive, the commercial designs of the rate-of-change responsive 
regulators are covered by author’s U.S. Patents Nos. 1,955,680; 
2,015,861; 2,015,862; 2,020,847; 2,022,818. 

The author is in accord with the suggestions of Ed 8S. Smith, Jr. 
that a standardization committee, preferably under the auspices 
of A.S.M.E. should be set up to decide on the terminology, clas- 
sification, and the rules of selection for automatic regulators, 
as well as on the procedure of acceptance tests. 

Such terms as “sensitiveness” versus “sensitivity” are very 
confusing at present. 

“Sensitiveness” can be defined as the degree of accuracy of 
response to primary impulses of small magnitude, whereas 
“sensitivity” is nothing else but the value of constant A, in Equa- 
tions [2], [7], and [9] of the paper. 

The author used in his studies a sine function as the basis 
for graphical investigation of the problem of “hunting” with 
gratifying results. 

The possibility of practical design of a cyclical regulator in- 
volving the differentiation by the step-by-step method is recog- 
nized by the author and he hopes the manufacturers of such regu- 
lators will not be slow in putting this development on the market. 

The field of temperature control is in great need of this develop- 
ment. In the installations where the rate of heat transfer varies 
considerably, an automatic adjustment of the constant coefficients 
in accordance with the load will be advantageous. 

H. A. Rolnick made an excellent analysis of the regulators of 
the first five classes. 

Class IV is really the Class I provided with an automatic 
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adjustment of the primary impulse since Equation [4] of the 
paper could be rewritten as k.F =k, [P—(1/k,)F] +c. Class 
I is inherently hunting even in the absence of the time lag and 
should never be used. 

In spite of the popularity of Class-I1I regulator this class is 
in the nature of an artifice ameliorating but not solving the 
problem of the time lag, it is, however, the best characteristic 
now on the market with the possible exception of Class V. 

H. A. Rolnick is quite correct in stating that patent No. 
1,497,164 shows a cyclical controller of the characteristic VIT, 
(or more exactly of characteristic VIII). 

However, the equation F + k,(dF/dT) = k.P + k;(dP/dT) 
can also be considered as an alternate expression of the charac- 
teristic V obtained by differentation of Equation [5] of the paper. 

C. 8. Robinson’s remark that it is not always easy to divide 
the system into automatic-control apparatus proper and the 
system to be controlled, is not substantiated by a valid example. 
It could be stated in this connection, that the equipment 
shipped by the control manufacturer is an automatic-control ap- 
paratus, whereas the purchaser’s plant is the system external to 
the regulator. 

The explanation of the characteristic I, cannot be improved 
by the author as suggested by Mr. Robinson. The regulating 
valve should be so designed as not to overtax the available power 
of the regulator, since a sticky or unbalanced valve can not only 
distort the basic characteristic of the regulator, but can even 
stop the regulator altogether, if the regulator is too weak for 
this task. Considerations such as these have very little to do, 
however, with the basic aspects of the problem investigated in 
the paper. 

The author cannot agree with E. T. Johnson that the “‘hunt- 
ing’ can be completely solved, without detrimental results, by 
the introduction of an artificial time lag, provided this time lag 
is introduced at the point of generation of the primary impulse. 
The effect of time lag is substantially the same irrespective of the 
place of its introduction. 

The discussion by P. W. Keppler and E. A. Salo is valuable 
and contributes to a better understanding of the main thesis 
of the paper. 

E. F. Hanford is quite correct in his analysis of the only too 
often encountered difficulty in keeping automatic controls in 
operation. Part of the difficulty mentioned by Mr. Hanford lies 
in the regulators, since the usual acceptance tests are not at all 
indicative of the regulator’s performance under all and sundry 
conditions, and if a regulator periodically upsets the operation, 
the operator is justified in his choice of preferring to watch only 
the operation rather than to watch both the operation and the 
regulator. 

W. F. Ryan’s reference to inertia governors is quite timely. 

The characteristic of an inertia governor as previously designed 
(that is involving an appreciable travel of the weights in radial 
and circumferential direction in relation to rotation) is sub- 
stantially 

F ks ora + 

The term k;(d?F'/dT?) is due to the retarding effect of inertia of 
the weights during their travel and it cannot be eliminated in a 
conventional design. Moreover, even in pure form, the charac- 
teristic VII is only detrimental to proper speed regulation of 
steam-driven equipment due to absence of time lag in such 
systems. 

Whatever success the inertia governors achieved in speed 
governing of steam engines is due entirely to the fact that weights 
are damped with a dashpot obtaining the characteristic 
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If k; is made so small as to practically eliminate term 
k; (d?F/dT?), this characteristic reduces with proper adjustment 
to Equation [2] or F = k,P which is quite correct in this ap- 
plication as was pointed out before. 

Incidentally the discoverer of the rate of change respon- 
sive characteristics is Nicolai Minorsky (U. S. Patent No. 
1,436,280) who gave a rational solution of the problem of the 
steering of ships by the application of these characteristics. 
There is no evidence, however, that at that time Dr. Minorsky 
realized all the implications of his discovery. 

The author wishes to acknowledge his indebtedness for invalu- 
able help and encouragement given to him by W. F. Ryan in 
preparation of the paper. 


Draft-Gear Action in Long Trains' 


L. K. Sttucox.? The problem before the manufacturers of 
railway draft gears has been constantly that of installing, within 
a specified and definitely limited space, elements capable of pre- 
senting the maximum energy-absorption capacity consistent with 
tolerable end loading transmitted to the car structure. It is 
no longer a question of how much capacity is required under 
service conditions—the living necessity is for the utmost capacity 
which can be crowded into the standard pocket. No matter how 
rapidly capacity has been increased, or how far technical in- 
genuity has permitted the introduction of gear types offering this 
capacity with attendant and suitable characteristics of release, 
sturdiness, and durability, the demand has been such as to eclipse 
the ability of the perfected gear to protect positively the car 
structure against damaging shocks in view of modern operating 
conditions. 

While the need for ultra high energy-absorption-capacity draft 
gears has become particularly urgent to relieve properly the car 
structure of stresses which it would otherwise be called upon to 
withstand, notably under conditions of buffing shocks, instances 
have developed when this high capacity, obtained by raising the 
line of delivered force throughout the range of gear travel, has 
proved a disadvantage in itself. It has been the cause of hard- 
riding qualities on the part of modern locomotives during the 
acceleration period since the maximum tractive effort of the loco- 
motive has, in some instances, resulted in but slight gear move- 
ment with an inadequate measure of resilience to cushion the 
pulsating forces delivered by the pistons. There is then the need 
for entirely different draft-gear characteristics obtaining at the 
rear of the tenders of even the most powerful freight locomotives. 
So it is that capacity alone does not represent the only feature 
which must be respected in fitting modern draft gears to modern 
train equipment. 

Mr. Wikander’s analysis of the draft-gear problem represents 
a highly commendable endeavor to arrive at the conditions which 
must be met in order that the draft gear may perform its funda- 
mental purpose. Treated conversely, the railways might benefit 
by an analysis of the most severe conditions which may be safely 
imposed upon available gears. The expeditious movement of 
freight represents efficient handling until the point is reached ‘ 
where the cost of handling exceeds the advantages derived. 
There is an optimum switching speed which, when respected, 
will result in the greatest net benefit. But switching speeds are 
the most readily calculable part of any investigation of train 

! Published as paper RR-57-1, by O. R. Wikander, in the August, 
1935, issue of the A.S.M.E. Transactions. 
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shock. The many and unpredictable variables which are en- 
countered in train service are indicated by Mr. Wikander as he 
establishes the basis of his investigations. To the effects of free 
slack, distribution of loads and empties, and brake propagation 
time, practical operation adds factors of braking ratios, a coef- 
ficient of brake-shoe friction, which is variable and sensitive 
to brake-shoe pressure differentials, properly fitting and poorly 
fitting brake shoes, grade, curvature, and many other dis- 
turbing elements with which no analytical survey can deal 
completely. 

The air brake and the draft gear are closely related and es- 
sential allies in permitting the safe control of long trains. The 
air-brake type, although it will, without regard to the manner of 
operation, stop the train in the shortest possible distance, would 
be as ineffective an agent in safely controlling coupled cars as 
would the draft gear selected merely to protect trailing cars in the 
event of collision. The function of the air brake is that of 
bringing a moving train to a stop under emergency conditions 
in the shortest distance consistent with the production of re- 
sultant stresses between cars well within the cushioning capacity 
of the draft gears. 

We have witnessed wonderful and simultaneous development 
of draft-gear and air-brake appliances to the extent that the 
worst of railway offenders, the long tonnage freight train, travel- 
ing at modern speeds, no longer need represent the hazard that 
marked its introduction. There remains the necessity for the 
development and enforcement of proper standards of maintenance 
for the draft gear on the one hand, and proper instruction in the 
judicious use of the air brake on the other. While the latter need 
is generally well met and expert manipulation is the rule, draft- 
gear maintenance is frequently neglected to the extent that the 
superior qualities which the manufacturer builds into his equip- 
ment are permitted to deteriorate and conditions result for which 
no braking appliance can, of itself, compensate. 


AvTHOR’s CLOSURE 


Mr. Sillcox’s views on draft-gear problems are of great value 
because he approaches such problems, not only as a practical 
railroad man, but also as a designer of air brakes and a trained 
scientific investigator. 

He rightly points out that the basic draft-gear problem is to 
provide a device which, within the limited space available, will 
give high capacity without excessive reaction on the car sills. 

This, as he says, requires proper proportioning of the gear. 
Resistance to the initial force must be adequate so that the aver- 
age resistance may be high without producing an unduly high 
final car-sill reaction. At the same time the spring action must 
also be adequate. 

Mr. Sillcox calls attention to the fact that high capacity in- 
correctly obtained may result in the transmission of undesirable 
vibrations from the locomotive to the train. This is generally 
due to too great a portion of the capacity of the gear being ob- 
tained by friction rather than spring action. 

Under the pulsating tractive effort of the locomotive the co- 
efficient of friction drops, the gear creeps shut, and is thus ineffec- 
tive in cushioning the pulsations. This is a characteristic of 
gears showing too low a recoil value under the drop test. 

If the spring action of a gear is high compared with the pulsat- 
ing draw-bar pull the hard riding to which Mr. Sillcox refers will 
be eliminated. To be satisfactory in this respect the draft gear 
must show a moderately high recoil in the drop test. 

Mr. Sillcox’s plea for proper draft-gear inspection and mainte- 
nance is most timely. The Association of American Railroads 
has provided specifications for the purchase of draft gears. Proper 
standards of maintenance are necessary if effective service is to be 
obtained from the gears. 
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Rolling-in of Boiler Tubes! 


L. Skoa.?. The elongation method of tube rolling described by 
the authors appears to have advantages over the old methods in 
that some of the guess wor! is, no doubt, removed in measuring 
the elongation of the tube during the rolling-in process. It ap- 
pears, however, that this method would be considerably more ex- 
pensive, in that an additional man would be required to take care 
of the indicator gage and also because each row of tubes in a boiler 
of bent-tube design will have to be set in position and rolled-in 
before the succeeding rows of tubes can be installed, thereby in- 
creasing considerably, the time required and the cost. 

The variation in diameter of tube holes given in the authors’ 
Table 1, is much greater than we have found in our practice and 
must be unusual cases. This variation should not exceed 0.005 
in. between the maximum and minimum, which would give ample 
tolerance for manufacture. Variation in outside tube diameter, 
which should not exceed !/; in., is also greater than we have 
found. These variations in diameter of tube holes and outside 
diameter of tubes are of importance in getting a satisfactory rolled- 
in job, no matter what method of rolling is used. It is, of course 
also important that the outside diameter of the tube be a true 
circle so that the tube wall will bear uniformly against the tube 
hole during the rolling-in operation. If the tube is not circular 
it may touch the tube holes in only one or a few places at which 
time the indicator-gage needle will be quiet and the prescribed 
elongation may not give the true condition of the roll. With the 
elongation method it would be of utmost importance to determine 
the correct elongation for a particular installation before the job 
is started because, if the prescribed elongation should happen to 
be incorrect, all tubes in the boiler may be overrolled or under- 
rolled, this would not be determined before the boiler is tested 
hydrostatically, in which ease all the tubes might have to be re- 
rolled without the aid of the indicator gage. 

In most of our installations we have been using the uniform- 
expander-entrance method, which has given satisfactory results. 
In the last 16 large boilers installed under the supervision of the 
firm the writer is associated with, only a few minor leaks ap- 
peared during the preliminary hydrostatic test, and after these 
leaks were tightened by slight rerolling, the boilers were passed 
by the insurance inspectors. 


E. W. O’Brien.* Irrespective of the results that may be ob- 
tained from the use of the elongation method of tube rolling, the 
authors have rendered a service to the profession by (1) pointing 
out the scarcity of information on true tube rolling; (2) analyz- 
ing the phases of tube rolling and setting forth the requirements 
for forming an ideal joint; and (3) bringing to light flaws in the 
several conventional methods of producing joints, thereby stress- 
ing the need for a tube-rolling method that will consistently pro- 
duce uniformly rolled joints in a given bank of tubes. 

The results obtained on the test specimens, the joint surfaces 
of which were uniformly smoothed and finished, indicate the 
correctness of the thesis that a definite (though changing) rela- 
tion exists between tube elongation and joint holding strength. 
When this relation has been worked out to give the proper elonga- 
tion for the greatest joint strength in the several conventional 
joints now employed, it will not be a difficult matter to put the 
authors’ method into general practice. 

The writer would be interested in knowing if, when rolling a 
single tube into a pair of tube sheets at a time when all the other 
tubes are rolled in place and when for all practical purposes the 


1 Published as paper FSP-57-7, by F. F. Fisher and E. T. Cope, 
in the May, 1935, issue of the A.S.M.E. Transactions. 

2 Engineer, Sargent & Lundy, Inc., Engineers, Chicago, Ill. 

8 Editor, Southern Power Journal, Atlanta, Ga. Mem. A.S.M.E. 
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sheets are immovable, will the rolling of the tube to a change in 
wall thickness, equal to that undergone by the other tubes, pro- 
duce an elongation of magnitude equal to that produced by the 
other tubes? In this instance, the tube is subjected to compres- 
sion, and it would seem that rather than producing an elonga- 
tion, the flow of metal out of the joint would result in a compres- 
sion of the metal in the remaining portion of the tube; at least, 
any elongation that would be produced would not be so great as 
would be produced were the other end of the tube free. 


C. H. Fettows.* The paper by Messrs. Fisher and Cope has 
served to call attention to the source of at least one type of boiler- 
tube corrosion, i.e., pitting immediately outside the tube sheet. 
The stresses set up in the metal at this point as the result of im- 
proper rolling, which generally means more or less severe over- 
rolling, makes the metal readily susceptible to corrosion, par- 
ticularly in boilers where untreated or mildly treated evaporated 
make-up is used. 

Corrosion of this particular type is not infrequent in boilers, 
and although in many instances the condition of the metal has 
been considered a contributing factor, nothing much could be 
done about it because there has-been no practicable method of 
rolling-in tubes that would not leave this particular spot in the 
tube in an abnormal highly stressed condition. Cracked surfaces 
of the tubes resulting from severe rolling is a condition that prob- 
ably exists in many tubes now installed and which may be se- 
verely pitted as the result of localized concentrated attack of 
oxygen on highly stressed metal. 

The ever present interest in the phenomenon of caustic em- 
brittlement is made more prominent by this paper. When it is 
considered that abnormal stress is one of the factors which causes 
this type of embrittlement, it is conceivable that rolling-in boiler 
tubes as described by Messrs. Fisher and Cope, may limit such 
embrittlement by reducing to a marked degree the stresses in- 
duced in the drum sheet. Although caustic embrittlement in 
tubes or the sheet adjacent to the tubes is less prevalent than in 
the vicinity of the rivets, it has been known to occur. Any 
steps that can be taken to reduce or eliminate one of the factors 
known to contribute to the development of this phenomenon 
should be welcomed and carefully investigated by the industry. 


Wwapmir Noerr.’ The method of rolling-in boiler tubes de- 
scribed by the authors enables one to control individually the 
quality of every joint in a boiler, and since the writer has had 
some experience in this field he takes this opportunity to advance 
some observations concerning the use of this method in practice. 

1 The authors have not pointed out how (a) the thickness of 
the tube wall, (b) the decrease in the thickness of the tube wall 
after it has been rolled, (c) the width of the inrolled ring of the 
tube in the tube sheet, is related to the elongation of the tube. 
Therefore, they recommend for all cases and all types of boilers 
the same elongation of 0.02 in. The writer is of the opinion 
that it will be more suitable to fix the desired elongation to corre- 
spond to the variations of the thickness of the tube wall, the de- 
crease in the thickness of the tube wall after it has been rolled 
and the width of the inrolled ring in the tube sheet. The rela- 
tion between these quantities in a slightly simplified form can be 
deduced from a geometrical consideration, Fig. 1 of this discus- 
sion, neglecting the increase of the specific volume of the metal 
by cold working, and also that the form of the tube end and of the 
tube hole in practice cannot be perfectly regular. In the writer’s 
Fig. 1, the longitudinal section of the inrolled ring of the tube be- 


4 Chemist, Research Department, Detroit Edison Company, De- 
troit, Mich. 

5 Senior Engineer of State Consulting Bureau for Steam Power 
Plants (Orcres) and Editor of Heat and Power, Moscow, U.S.S.R. 
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fore the rolling is represented by full lines while the dotted lines 
represent the same section after rolling. In Fig. 1, 1 is the width 
of the tube ring before rolling, \ is the axial elongation in one 
direction presumably equal to one-half of the total elongation, 
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Fie. 1 DrtaGRAMMATIC SKETCH OF A LONGITUDINAL SECTION 
or Borter Tuse Berore AND AFTER ROLLING 


b is the initial thickness of the tube wall, and 8 is the thinning 
(decrease of thickness) of the tube wall. According to the 
writer’s reasoning, the areas of both rectangles must be equal, or 


— 2n) (6 — 8) = bl 
or 
bl + pl— 2 Br = bl 


Therefore 


This formula shows that the controlled elongation at 8 = 
constant must be proportional to the initial width of the inrolled 
tube ring and aimost inversely proportional to the thickness of 
the wall. Therefore, the desired elongation for each type of tube 
can be determined by using formula [1] of this discussion, once 
the decrease in thickness of the tube wall has been found experi- 
mentally. In reality this was done by tie authors when they 
determined an elongation of 0.025 in. for the tubes in the Ford 
Motor Company station which operates at 1435 lb per sq in., 
and an elongation of 0.016 in. for the tubes in the Springwells 
plant which operates at 400 Ib per sq in., apparently because the 
thickness of the shell walls is greater at the former station. 

2 The authors are right when they recommend the use of the 
elongation of the tubes as an indication of the quality of the 
joints of rolled-in boiler tubes, but their method of determining 
the desired elongation can hardly be taken as being correct. In 
the writer’s opinion, the desired elongation must be determined 
from the thinning of the tube wall which in turn must be de- 
termined in accordance with the degree of tube-hole expansion. 

3 From the physical point of view, the strength and tightness 
of the joint are determined, as it appears from the investigations* 
of A. Thum and R. Jantscha, and others, by the degree of tube- 
hole expansion. This expansion is expressed by 


‘A = [(D’ — D)/D] 100 


where D is the diameter of the tube hole before rolling, D’ is the 
diameter of the tube hole after rolling, and A is the degree of tube- 
hole expansion. All the tests that are conducted for investigat- 
ing the properties of the joints must be based either on the degree 
of tube-hole expansion A, or on the absolute increase of the tube- 
hole diameter or radius as mentioned in the paper* by A. Thum and 
R. Jantscha. It must be assumed that (a) the thinning of the 
tube walls, (b) the properties of the tube and shell metals, (c) the 
type of expanding tool, (d) the method of rolling-in the tubes, 


‘“Einwalzen und Einpressen von Kessel- und Uberhitzerrohven 
bei Verwendung verschiedener Werkstoffe,” by A. Thum and R. 
Jantscha, vol. 11, no. 12, December, 1930, pp. 397-401. 
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and (e) the finished condition of the surfaces of the tube and shell 
which are forced into contact, are all given. It must also be as- 
sumed that these factors must be dependent on the degree to 
which the tube hole is expanded as determined from tests. 
Knowing these things, one will be able to determine the corre- 
sponding thinning of the tube wall and consequently the desired 
thinning of the tube wall by applying formula [1] of this discus- 
sion. 

4 It is the writer’s opinion that the authors of the paper have 
not paid sufficient attention to the properties of the tube and sheet 
metals, particularly when they give the results of their tests of 
forcing the tubes from the joints. These properties are of the 
greatest importance in that they determine the best degree of 
tube-hole expansion, as can be ascertained from Fig. 2, reprinted 
from the previously mentioned paper* by A. Thum and R. Jant- 
scha. 

5 That part of the paper “Effect of Lengthening the Tubes 
Caused by Rolling-In,” page 151, does not seem to the writer to 
be entirely correct, and further, it does not seem to agree with 
the first part of the paper. Indeed, if we have a method that se- 
cures the equality of tube elongation we have no reason to be 
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Holding strength, 1000 


= 


Absolute increase of tube-hole radius, mm 


Fic. 2 Hoipine STRENGTH OF TuBEs 3.2677 In. 
D1aMeETER ROLLED IN PLATES OF DIFFERENT METALS 


afraid of any considerable thrust caused by the inequality of this 
elongation. Also, it is not clear to the writer how the indicator, 
which is attached to the gas side of the tubes, can be used when 
all the tubes are inserted previously to rolling-in. It seems that 
an indicator of this type can be used only in the case where the 
tubes are inserted and rolled-in row after row. 

Also, the author’s deductions concerning the thrusts created 
by unequal rolling cannot be accepted completely. The thrust 
created by rolled-in tubes surely cannot be added arithmetically, 
inasmuch as the dividing of the tube bank into two parts does 
not divide the amount of accumulated thrust in half. All rela- 
tions that must be considered in this connection are undoubtedly 
more complicated. 

6 In conclusion it must be noted that all the authors’ data are 
obtained from hydrostatic tests after initial tube installations. 
The writer would be interested in the answers to the following 
questions: 

(a) Have the joints rolled-in by the elongation method proved 
entirely satisfactory in service? 

(b) Have cracks appeared in the joints rolled-in by the au- 
thors’ method? 

(c) If cracks have appeared, has the frequency of their oc- 
currence diminished when compared to the cracks which have 
appeared in boilers of the same type as mentioned in the paper 
but in which the tubes were rolled-in by methods other than the 
one described by the authors? 


(d) Have the authors observed circular cracks in the ends of 
the rolled-in tubes, and if so, have they ascertained the reason for 
these cracks? 

(e) Do the authors know of an indicator suitable for deter- 
mining the tube flare within the shell? 

(f) In what units is the thickness of the tube wall given? 
The writer has inferred that the “gage” referred to by the au- 
thors means American standard plate gage. 


AvutrnHors’ CLOSURE 


The authors keenly appreciate the interest taken in their efforts 
to bring the matter of boiler-tube expansion to the attention of 
engineers. They are also not unmindful of the fact that they have 
only made a beginning of studying this subject and that many 
questions remain to be answered. The questions raised in the dis- 
cussion are such that each discussion will be given a separate 
reply. 

Mr. Skog raises the patent question of cost of application of the 
elongation method. In the application of this method no more 
help is used and no more time is required than in the application 
of the older methods. When the cost of rerolling tubes, im- 
properly rolled initially, is given its proper weight the elongation 
method is actually less expensive than the older methods. It is 
not necessary to complete one row of tubes at a time, as sug- 
gested. No material change has been made in method of as- 
sembly usually used. 

The tubes were bought on Specification A.S.T.M. Designation 
A$3-33. Table III of this specification gives the following toler- 
ances for tubes 4 in. in outside diameter and smaller: 

Outside diameter, over !/e4in., under '/32 in. 

Wall thickness, over 3 Bwg (Birmingham wire gage) numbers. 
This thickness tolerance applies only to eccentricity so that the 
average variation would be about 1'/. Bwg numbers. 

Tube-hole diameter tolerance is specified in the A.S8.M.EP. 
Boiler Construction Code, Combined Edition (1931 with all errata 
and changes inserted), Section 6, I-19 on Rules for Inspection. 
The maximum size of tube hole is specified not to exceed nominal 
plus '/x in. The implied meaning is obvious. A 3'/,-in. tube 
may be anything from 3.219 in. to 3.266 in. in outside diameter 
and the tube hole may be anything from 3.250 in. to 3.281 in. 
in diameter. The tube-wall thickness may vary according to the 
schedule given in Table 1 of this discussion. 


TABLE 1 
Nominal 
thickness, Bwg = Min, in. Max, in. Tolerance, in 
2 0.284 0.320 0.036 
4 0.238 0.271 0.033 
6 0.203 0.229 0.026 
8 0.165 0.191 0.026 
10 0.134 0.155 0.021 


Table 1 gives only a partial list but illustrates the implication of 
the specification. The authors’ experience with tubes and tube 
holes indicates that the A.S.M.E. Boiler Construction Code has 
been met. 

Mr. Skog’s comment regarding the indication of contact in the 
case of a tube of noncircular section is correct. This condition 
presents no difficulties because no elongation will occur until full 
contact has been established and in consequence there will be no 
movement of the indicator needle until full contact. There is a 
second condition which Mr. Skog has not noted which merits com- 
ment. The tube may not be coaxial with the hole during the first 
phase of the expanding operation. Contact occurs and further 
rolling may produce a positive or negative indication as the tube is 
being forced into the correct position and full contact. At this 
instant the needle will pause and elongation will be measured 
from this point. The application of the elongation method to 
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such exceptional and abnormal cases can be easily worked out by 
the alert tube installer. 

Experience has not shown the necessity for predetermining 
exactly the proper elongation for different combinations of tube 
diameter and sheet thickness. All tests made by the authors have 
shown that the relation between holding strength and elongation 
becomes a maximum at about the same elongation, namely, 0.020 
in. for tubes of different sizes rolled into sheets of different thick- 
nesses, so that meticulous care is not called for in the actual as- 
sembly of the joints by this method. 

In their investigations into expanded-tube joints the authors 
have not been satisfied only with securing a simple method for 
rolling-in tubes, so that the erecting job may be carried out with 
the least trouble, but have constantly maintained an interest in 
the whole life of the tube. It has not been taken for granted that 
a certain portion of all tube joints must fail, but rather that a 
failed joint shows either that the tube was improperly made or 
that the joint was not properly expanded. The meeting of a 
construction code has not been made the criterion of quality in 
rolled boiler tube joints. In the past when pressures were lower 
than those now common and when boilers were comparatively 
simple structures without waterwalls and other modern develop- 
ments, it was not necessary for the builder to be concerned about 
the factor of safety of tube joints. Any rolling-in method would 
work because the strength of the joint was many times the boiler 
test pressure. No one thought much about factor of safety of 
boiler tube joints. Only within the past year a case has come to 
the authors’ attention in which the holding strength of the joint 
was less than the code test pressure. The factor of safety of the 
joints, based on boiler code test pressure, was less than one. It 
now becomes necessary to seriously consider developing the 
maximum holding strength of which the tube and tube sheet is 
capable and this demands definite control and uniform practice in 
the making of tube joints. 

Mr. O’Brien has raised an interesting question in relation to the 
production of a fixed elongation in the last tube expanded in any 
tube bundle. The authors have no data on which to base a 
quantitative answer but the following phenomena have been ob- 
served: In the case of the long straight tube the tube reacts as a 
long column having fixed ends and consequently deflects from a 
straight line. This same phenomenon is observed when tubes of a 
given bundle are expanded unequal amounts. The bent tube, of 
course, is much more flexible than the straight one and conse- 
quently a greater portion of the axial force resulting from expan- 
sion is dissipated in change of shape than is true in the case of the 
straight tube. The short tube presents a more difficult problem 
but a tube so short that it could not be easily expanded to the 
proper elongation has not come to the authors’ notice. The notes 
in the paper relating to the axial force set up in the tube during 
expansion give some idea of the change in axial force with change 
of measured elongation. 

Mr. Fellows has touched on a phase of this question which the 
authors believe has not been given the consideration that it de- 
serves. Tubes have been rolled into drums without enough re- 
gard for the deformation of ligaments or the disturbance of metal 
in the tube wall. Points of very high stress have been set up due 
to the rolling-in operation and pitting and ultimate failure has been 
the result. In the May, 1935, issue of Mechanical Engineering 
there was published an article entitled, “Boiler Steel Embrittle- 
ment,” by E. P. Partridge and W. C. Schroeder, both of U. 8. 

Bureau of Mines, Rutgers University, New Brunswick, N. J. 
The first two generalizations presented by these authors are 
quoted as follows: 

“(1) The cracking of steel subject to chemical attack while 
under stress consistently commences in a region where the local 
stress is greater than the average. 
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(2) An unknown but probably very high local stress is 
necessary to initial cracking.” 

One case which the authors have studied will be discussed in 
order to emphasize the importance of the application of the pre- 
viously mentioned conclusions to the rolled-in tube joints. At 
the Trenton Channel Power Plant there were many failures of 
“tack” tubes. These tubes all failed in the same manner. 
Figs. 3 and 4 of this discussion illustrate the location and manner 
of failure. The walls of the tubes were eaten through circum- 
ferentially about */; in. before the inner end of the rolled section. 
These tubes had been expanded using a four-roll expander in 
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which the rolls had short-radius cor- ; 
ners on the entrance ends. Reduc- 
tion in wall thickness was not excessive, 
being of the order of 7 to 9 per cent. 
The replacing tubes were expanded 
using the same type of tool but having 
the entrance ends of the rolls ground 
to a long radius of 5in. These replac- 
ing tubes have been in service about 
four years and have shown no evidence 
of a repetition of the corrosion condition. 

Several theories were advanced to ex- 
plain the condition. Finally the 
authors undertook to repeat the con- 
dition set up in the tubes which failed. 
A tube of about the same physical 
characteristics as the failed tubes was 
rolled into a tube hole using a tool 
equipped with the same shape of rolls 
as were used originally on the tubes 
which failed. The reduction in wall 
thickness, while somewhat greater than 
that found in the failed tubes, was not 
excessive. Fig. 5 of this discussion is a 
photomicrograph (X8) of a polished 
etched section through the rolled por- 
tion of tube wall. The etching fluid 
was 10 per cent HNO;. It is to be 
noted that there are points of high 
stress at A, B, C, D, E, and F which 
correspond to the spiral formed by ¢he 
entrance ends of the rolls as they ad- 
vanced into the tube. The condition 
at F calls for special notice as it is 
exactly the same distance from the end 
of the rolled section as was the cor- 
rosion in the tubes shown in Figs. 3 and 4, namely, about */; 
in. A photomicrograph (100) was taken in region F. This is 
shown in Fig. 6 of this discussion. An examination of Figs. 5 and 
6 shows the cause of the corrosion to be none other than exces- 
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Fic. 6 Section or Fotp Metat on InsipE oF TuBE (X 100) 


sive cold working of the metal at region F. A very high stress 
was locked up in the wall of the tube in this region. A cul-de- 
sac had been formed by the rolling operation. The necessary con- 
ditions for localized corrosion were present and only about two 
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years of service saw the end of these tubes. Many of these tubes 
have failed and the cost of replacement has been charged to main- 
tenance. A change in roller shape appears to have corrected these 
conditions. The new rollers set up much less local stress be- 
cause the surface of the tube is not disturbed so violently and 
no cul-de-sac has been found. The authors believe, but have 
no experimental proofs, that ligament failures in many cases can 
be charged to excessive plastic deformation due to excessive roll- 
ing. This phase of the problem of producing permanent rolled 
joints is one which deserves serious study. 

The authors are pleased to have a discussion of their paper by 
an engineer having European point of view and background. It 
is probably not generally known among American mechanical 
engineers that the question of boiler-tube joints has been made 
the subject of considerable study in Europe for the past ten 
years. There are many publications telling of these researches. 
One of the authors of this paper under discussion has recently 
completed a review of four of these papers, three of which were 
published in Germany and one in Switzerland. Based on the 
cost of similar research carried on by the authors, the work repre- 
sented by these four papers must have cost over $50,000. One 
of the papers speaks of tests on 4975 experimental rolled joints. 
Mr. Noeff’s discussion is therefore most welcome as it gives an 
opportunity to refer to these European researches. 

Mr. Noeff is correct in stating that the authors have not shown 
the relationship between elongation and ‘‘(a) thickness of the tube 
wall, (b) the decrease in the thickness of the tube wall after it has 
been rolled, (c) the width of the inrolled ring of the tube in the 
tube sheet.”” These dimensions were all carefully measured and 
recorded but were not evaluated against the elongation. After 
several unsuccessful attempts to account for the metal in the 
rolled-in section of the tube by attempting to apply to actual 
rolled joints the same formula as Mr. Noeff develops in his 
Equation [1], which is of course approximately correct, they 
centered their attention on the major purpose of tube rol:ag. 
The purpose of rolling-in a tube into a tube hole is to produce the 
strongest possible joint and one which will not only meet the 
pressure test specified by the code, but will continue to perform 
satisfactorily throughout the anticipated life of the boiler. This 
implies the rolling of tube joints so as to produce the least possible 
cold-working of the tube wall and the tube-sheet metal. The 
meeting of these requirements called for a check of the change in 
tube-wall thickness and in tube-hole diameter resulting from the 
expanding operation, in consequence these measurements were 
made. 

The research reported on in the Thum and Jantscha paper which 
Mr. Noeff refers to were carried out on tubes machined inside 
and out to a close micrometer tolerance and the tube holes were in 
no case more than 0.2 mm (0.008 in.) larger than the outside 
diameter of the tube. The results of tests carried out on such 
ideal parts can hardly be applied to the assembling of tubes and 
sheets such as are found in American practice. The Code and 
A.S.T.M. specification tolerances are noted in the answer to Mr. 
Skog’s discussion. The authors have used only parts having such 
variations from the ideal as are found in an actual boiler. If 
commercial manufacturers could furnish tubes and tube holes 
having dimensions to as close micrometer tolerance as those used 
by Thum and Jantscha in the studies referred to previously at a 
price which the purchaser could afford to pay and if the design of 
the boiler were such that parts made to such close tolerance could 
be assembled by the available erectors, the mathematical method 
of Thum and Jantscha would apply. But when the erecting 
engineer has to get along with such variations in tube diameter 
and wall thickness and tube-hole diameter as are met with in 
American commercial practice, these formulas cannot be applied 
if one hopes to produce joints of anywhere near uniform strength. 


If he further hopes to not overroll his tubes or tube sheets he must 
find a more flexible method of control than that afforded by the 
uniform-entrance method. 

The authors do not care to enter into a discussion of the work 
of Thum and Jantscha at this time. However, their conclusion 
after a careful study of the work of these investigators and of 
others published in German is that the amount of tube expansion 
which they advocate is at least twice as much as is normally 
produced by the application of 0.020 in. to 0.025 in. elongation as 
used in boiler erection in the authors’ company. In some in- 
stances the expansion recommended was so great that its applica- 
tion would result in a reduction of tube-wall thickness of as much 
as 25 per cent with attendant work hardening and “‘tendency to 
form cracks.” 

The authors do not agree with Mr. Noeff that with the materials 
usually found in modern boiler practice, the amount of expansion 
is a function of the tensile strength, ductility, yield point, ete., of 
the tubes and sheets. If Mr. Noeff refers to strength of the 
rolled-in joint the authors are willing to go much further than he. 
Tests conducted and not yet reported on show that the holding 
strengths of rolled-in joints vary with (1) condition of finish 
of tube and tube hole, (2) tube-sheet thickness, (3) tube diameter, 
(4) tube-wall thickness, (5) degree of expansion, and (6) difference 
in hardness of sheet and tube. 

In no case are all the tubes of a boiler installed at one time. 
While this might be possible in a small boiler, in large boilers of 
the vertical-tube type so common in America, such procedure 
would make it impossible to adjust each tube to its proper axial 
position before rolling-in the joints. Usually not more than six 
rows of tubes are inserted at once. This number depends on 
what appears to be the easiest way to handle the particular tube 
arrangement for convenience in final adjustment. With six rows 
of tubes installed at once there is no difficulty in using the dial- 
indicator method described. 

The problem of accumulated elongation is perhaps more com- 
plex than is suggested in the paper. Its existence is best illus- 
trated by a concrete example. In a six-drum Stirling-type boiler 
of about 30,000 sq ft heating surface the two top drums on each 
side were connected by 35 bent circulating tubes 4-in. in diameter. 
By mistake these tubes on one side of the first boiler erected 
were rolled-in beginning at one end and proceeding in sequence to 
the other end. The accumulated elongation in this case was such 
that the lighter drum was lifted '/,. in. off the supporting saddle 
on the end at which the rolling job was completed. The drum 
lifted weighed 35,000 lb and carried about 10,000 lb of tubes al- 
ready attached to it. On the second side of this same boiler the 
rolling-in was done in four parts. The job was started at the 
middle of the length of the drum and proceeded one quarter of 
the length of the drum first on the right then on the left of the 
starting point. The tubes in the remaining two quarters of the 
length of the drum were rolled-in starting at the ends of the drum 
and proceeding toward the middle. There was no measurable 
lifting of the lighter drum in this case. Similar portions of the 
three other boilers of the same design have been treated in the 
same manner and with the same result. Fig. 7 of this discussion 
is introduced to illustrate the effect of sequence of rolling-in tubes. 
The scale is of course greatly exaggerated. 

The answers to Mr. Noeff’s listed questions follow: 

(a) The use of the elongation method of rolling-in boiler tubes 
has resulted in a great reduction in the number of rerolled tubes 
necessary to pass inspection. After five years service in the case 
of one boiler there has been no report of tube end failure. In the 
authors’ company, the tubes of five new boilers and the tubes of 
three rebuilt waterwalls have been installed using the elongation 
method. In all there are probably 20,000 tube joints and no 
failures have been reported. Some of these joints are operating 
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at 425 lb per sq in. gage and the remainder at 700 lb per sq 
in. gage. There are also many boilers in which this method 
was used in plants outside the authors’ company, other than 
those at the Ford Motor Company and the Springwells Plant 
of the Detroit Water Commission on which no report is avail- 
able. 

(b) and(c) Inthe authors’ company there is no knowledge of 
cracks in the rolled-in portions of boiler tubes except those re- 
sulting from corrosion fatigue. This form of failure is illus- 
trated in Figs. 4 and 5 of this discussion and its probable cause 
in Figs. 6 and 7. The description of these figures and the 
method of correcting the fault is described in the accompany- 
ing text. 
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(d) ‘The authors do not understand exactly what form of fail- 
ure the writer refers to but suspect he means circumferential 
cracks not associated with corrosion; such forms of failure as 
are illustrated in Fig. 8 of the discussion. This figure was taken 
from the paper, “Uber das Einwalzen von Rohren unter besun- 
derer Berucksichtigungder Frage der Rundvisse in den Einwalz- 
stellen von Siederohren,” by A. Thum and W. Ruttman, pub- 
lished in Mitteilungen Nr. 45 der Vereinigung der Grossekessel- 
besitzer. 

With only these illustrations available to judge from, it is 
impossible to form a definite conclusion. It is the authors’ opin- 
ion, however, based on their experience with rolling-in tubes, 
that these cracks are the result of high stress concentration re- 
sulting from either greatly exaggerated rolling, or the use of 
improperly shaped or defective tools or a combination of the 
two. A case of cracked brass tubes has come to the authors’ 
attention. These tubes were in an air cooler on a 10,000-kw 
turbogenerator. The tubes failed at the rolled-in section after 
six months’ service. An examination of these tubes showed 
that some failed in tension and some in compression. It appeared 
that the cause of the failures was due to excessive rolling and im- 
proper sequence of rolling. The replacing tubes were rolled to 
about 0.020-in. elongation and with due care as to sequence so that 
the accumulated elongation was not sufficient to seriously distort 
the tube sheet. These replacing tubes have been in almost con- 
tinuous service for three years. 

(e) The authors have had no experience with any kind of 
indicating device for controlling flare rolling. 

(f) The ordinary method of designating tube-wall thickness 
used in America is the Birmingham wire gage (Bwg). 
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Power Requirements and Mechanical Fea- 
tures of Textile-Printing Machines 


By R. DeEVERE HOPE,' NEWARK, N. J. 


The author presents in this paper the essential mechani- 
cal features and power requirements of textile-printing 
machines. Among the mechanical features the author 
discusses and compares the design and assembly of the 
principal parts of new- and old-type machines and gives 
the relation between printing speeds and types of fabrics 
being printed. Regarding power requirements, the paper 
includes (@) reasons for the application of electric-motor 
drives, (6) an analysis of a-c and d-c motor drives, and 
(c) the effect of both types of drive and their control 
apparatus on the product of the machines and on the 
operating cost of the plant. Operating test data obtained 
on textile-printing machines in normal operation are pre- 
sented in the appendix. 


INTRODUCTION 


EXTILE printing may be defined as the art of applying 

colors to the surface of fabrics to form patterns of various 

designs. Printing is not a form of dyeing, as dyeing is a 
process by which the fabrics are completely saturated by passing 
them through a bath in which dyestuff and chemicals have been 
added in correct proportions and under proper temperature. 
In printing, heavier pigment colors are applied only to the 
surface of the goods. 

Prior to the development of printing machines, there were 
other methods by which a color design could be transferred to 
cloth. Probably the oldest method was hand block printing. 
This is extremely slow and expensive, although very fine and 
artistic work has been done on silk and other fabrics, and some 
results were obtained which have never been reproduced by 
other methods. There is also the well-known present-day 
method of screen printing which produces artistic combinations, 
but due to the fact that the character of the patterns is limited, 
the work is all done by hand, which naturally makes the daily 
production low and the unit cost prohibitive in a great many 
cases. 

The first printing machines were equipped with hardwood 
blocks instead of engraved copper rolls. While this was more 
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rapid than hand printing, the results obtained were not as good 
as the hand work. This method is still used to some extent for 
printing on oilcloth, linoleum, and carpets. 

Surface printing in relief and offset printing by machine has 
been almost universally adopted for wall paper, newsprint, and 
magazine work. 

The early machines were driven by a belt and pulley, operating 
through a clutch. This drive remained for a long period but was 
never satisfactory. Whenever the printer found it necessary to 
jog the machine he performed the operation by slipping the 
clutch. If more than one speed were required it was necessary 
to stop the machine, change the lapping on the pulley, or change 
the pulley itself on the line or jack shaft. 

Cone pulleys and idlers were used later to obtain variable 
speeds. While this arrangement was an improvement, it did 
not eliminate belt slippage. When the belts were tightened, the 
sudden jerk in starting not only racked the machine but also 
caused bad work, and occasionally resulted in breakage. 

From the foregoing experience, it was only natural that the 
machine builders should decide that the proper drive for print- 
ing machines was one direct-connected and self-contained. A 
special slide-valve reciprocating steam engine known as the 
“angle” or “side hill” engine was finally built which provided 
a positive and variable drive. This met most of the requirements 
at the time and hundreds of such engines were sold, many of 
which are in operation today. Change of speed was accom- 
plished by operating the steam throttle. This eliminated the 
jerk at starting and afforded continuous and smooth running. 
However, the high steam pressure necessary to operate this en- 
gine resulted in high maintenance costs and objectionable steam 
leaks. Another disadvantage of the steam engine resulted from 
the fact that the exhaust steam from the engine, which was used 
for drying, frequently carried cylinder oil, and thus prevented 
rapid elimination of water from the cans. In spite of these 
drawbacks, however, the individual steam-engine drive was 
considered very practical until superseded by the electric motor. 

The earlier motor installations used belts for transmitting 
power between the motor and printing-machine shafts. How- 
ever, these were replaced rapidly by gear and chain drives. 


ESSENTIAL FEATURES OF MACHINES 


The essential features which contribute more than anything 
else to the successful operation of textile-printing machines and 
which will result in perfectly registered and well-defined patterns 
on a large variety of styles and many different weaves of cloth 
are (1) the application of correct engineering principles, and 
(2) the assembly of the machine parts in such a manner as to 
eliminate interference in these parts. 

Correct engineering principles of machine design must take 
strength and rigidity into consideration as well as the proper 
relationship between materials from which the various machine 
parts are made. All steel parts must be heat-treated to reduce 
to a minimum crystallization and failure by fatigue. Metal- 
lurgy and specimen testing play effective parts in proper design. 
The driving arrangement also must be strong and rigid. An 
improperly designed and poorly constructed drive is frequently 
responsible for delays and spoilage of many yards of cloth. 
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Such a condition will discourage the best operator. In view of 
the fact that the machine must be operated over a wide range 
of speeds, it is essential that the drive be designed and built in 
such a manner as to have sufficient power available to make the 
operation positive and reliable at any speed. 

In assembling the machine parts every facility must be pro- 
vided for adjusting the pressure of nips, changing rollers, and 
color pans or boxes. Occasionally, the difficult task of changing 
the printing blanket must be undertaken. 

The most important details of proper design and assembly 
are as follows: 

1 The use of one size of roller which may be changed for 
another with little trouble. This is accomplished by arranging 
the nip with compound slides and large nip plates. Perfect 
variable traverse motion for the color doctors is also essential. 

2 The use of bearings for the drives or bowl. Proper drives 
for simultaneously raising and lowering the bowl by means of 
screw-bevel worm gears naturally must be considered. The 
teeth of the star-and-box wheel should be machine-cut and of 
such shape as to allow for working either light or deep in the 
gear to suit the various sizes of rollers. 

Printing machines are made in sizes varying in width from 
36 in. to 50 in. and for printing from one color to sixteen colors. 
Based on rollers having a circumference of 16°/, in. they may be 
divided into three general classes: (1) Machines for printing 
on silk; (2) machines for printing on artificial fabrics; and (3) 
machines for printing on cotton. 

Machines designed for printing on pure silk are generally 
geared for maximum speeds of from 50 to 60 yd per min. While 
both dry towers and dry cans are used, many printers believe 
that the circulation of hot air in the tower causes the pattern 
to stand out and produces a better product than when the drying 
is done on cans. Silk printing does not require a heavy set on 
the rollers. The slow maximum speed of 60 yd per min generally 
will only require a speed variation of 3 to 1. Some operators, 
however, demand a range of 4 to 1. The threading speed 
should be 50 per cent of the lowest operating speed, that is, 
5 to 10 yd per min. 

In printing acetates and other artificial cloth, the speed range 
is about the same as for silk. Heavier sets on the roller are neces- 
sary for the proper penetration of color, and consequently more 
power is required to operate the machines. Threading speeds 
for acetates must be as slow as for printing on silk, about 10 yd 
per min, for example, and the machine must be able to “inch” 
or “jog.” 

The first application of color by machine printing was on 
cotton. Cotton can be run at maximum speeds of 90 to 110 yd 
per min, and in the majority of cases, dry cans or cylinders are 
used for drying. On account of very high speeds a larger number 
of cans is required than found necessary for printing silk and 


artificial fabrics. About 10 to 15 per cent of the total power. 


used for driving cotton-printing machines is consumed in driving 
the drying equipment. On light set, the running is similar to 
silk since in most cases through penetration is not attempted. 
Speed ranges are seldom less than 3 to 1 and in some cases 
printers insist on ranges of 5 to 1 and 6 to 1. The threading 
speed for cotton is usually 30 to 50 per cent of the lowest oper- 
ating speed. 


Moror EQUIPMENT AND PRINTING SPEEDS 


Machines geared for producing printed cloth at the rate of 
60 yd per min or less should not use motor speeds higher than 
1400 rpm due to the high ratio of chain-gear drive. Drives re- 
quiring higher speeds, such as those necessary for printing cotton, 


may go to motor speeds of 1600 rpm without any mechanical 
difficulty. 


The chief reason for the application of electric motors to textile 
printing machines is to obtain certain desirable features which 
were not obtainable with other types of drives. Quick stopping 
is not only desirable, but is an economical necessity. With 
direct-current motors this is accomplished by dynamic braking. 
With alternating-current motors, quick stopping is accomplished 
by either plugging or solenoid brakes. Plugging, or phase re- 
versing, is in effect changing the direction of rotation of the 
motor and has been considered preferable to the solenoid method. 

Predetermined speed setting is another desirable feature. 
This means that the machine operator may slow down or stop, 
then accelerate to the set predetermined operating speed and 
the machine will always be in register at that speed. 

There is a wide variety of motors which have been found 
satisfactory for this type of work. The standard constant- 
torque type is frequently used, but actual tests indicate that 
the required power at low speeds is somewhat greater than a 
direct proportion to the decrease in speed. In other words, a 
50 per cent reduction in speed would require more than a 50 
per cent reduction in power. 

Control circuits and equipment are now @eveloped to such an 
extent that the machines are practically automatic. Stop-and- 
start switches are used to energize various relays in the cir- 
cuit, and these relays start control apparatus working, which in 
turn regulates the motor and finally the speed of the machine. 
No machine could be considered properly equipped without hav- 
ing “stop,” “jog or inch,” “slow,” and “fast” controls. When 
more than one control station is used a “‘safe’’ lock should be 
provided. Many painful and serious accidents have occurred 
due to the omission of this safety device. 

With the earlier motor installations, difficulty was experienced 
in obtaining stable speed operations when low threading speeds 
were required. This, however, has been overcome in newer 
equipment by placing series resistance in the power circuit. 
This arrangement limits the tendency of series characteristics or 
reduced speed with increased load. The speed-load curve is 
practically flat except at the approach of excessively high loads, 
at which point the speed has a tendency to drop slightly. In 
some cases with very heavy sets, it is impossible to start the 
motor. Control equipment can be arranged so that part of the 
series resistance is cut out when such conditions occur. Re- 
cently, a new control circuit has been devised which will stabilize 
this condition to a large extent, even when threading at speeds 
as low as 20 per cent of normal low speeds. 


TABLE 1 HORSEPOWER RATINGS FOR TEXTILE-PRINTING 
MACHINES 


-——Horsepower ratings for printing on-——~ 


No. of Artificial 
colors Silk cloth Cotton 
2 10 15 15 
3 15 20 20 
4 20 20 25 
6 25 25 25 
8 25 30 30 
10 30 30 40 
12 30 40 40 
14 40 40 50 
16 40 50 50 


Horsepowers listed in Table 1 may be regarded as representa- 
tive for textile-printing machines. They are proper averages 
taken from a large number of installations. 

The comparison between old- and new-type printing machines 
given in Table 2 shows the progress which has been made in 
recent years. The new improvements came into effect with the 
advent of new color combinations and practically unlimited 
possibilities in pattern design. In the earlier days of calico 
printing, the machine would be set for a pattern combination 
and would often run at top speed for several days, during which 
time the operator’s chief duties were to add color to the pans 
and see that the doctors were properly adjusted. 
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TABLE 2 COMPARISON OF OLD- AND NEW-TYPE MACHINES 


Old design 
1 Fitting gears were plain cast 
iron, with no safety flanges. 
Bronze worm gears and no 
locking devices. 


te 


Babbitt or bronze liners in the 
driving box. 


3 Traverse motien driven by two 
pairs of bevel gears from the 
cylinder shaft. 


4 Traverse rods with brass con- 
nections, and no means of 
taking up wear. This con- 
dition sometimes caused 
chattering and lost motion 
in the doctors. 


5 Blanket roll was sometimes 

to drive the traverse 

motion, and this drive was 

always carried in plain open 
bearings. 


6 Leader rolls of wood running 
in open-type bearings. 


7 The drag roll is usually the first 
nip. This means tying up a 
mandrel and a roller, and de- 
prives the printer of the use 
of the first nip for color work. 


8 Mandrel collars take thrust by 
metal-to-metal contact, de- 
stroy lubrication, and cause 
excessive wear on mandrel 
liners. 


9 Color pans have pene 
wooden base-boards. 


10 Mandrele are mostly carbon 
steel with plain’ turned 
bodies. 


11 Star gears of assorted sizes are 
required to match different 
sizes of rollers. 


2 Driving units frequently used 

its or gears, and many 
such drives take up more 
space than the machine 
itself. 


13 Back-riggings usually were con- 
structed crudely, and _ the 
drying tower was sometimes 
nothing more than a box 
= with rollers and steam 
coils. 


New design 
Safety-type semi-steel gears, with 
protecting flange. Five-thread 
worms with renewable pe 
rings. Steel worm gear wit 
locking devices on the nuts. 


Antifriction-bearing arrangements 
for self-aligning and Alemite 
lubricated. 


Traverse motion much simplified 
driven by chain and sprockets 
from main drive shaft. Facili- 
tates greatly the changing of a 
blanket. 


Universal ball-and-socket design 
with adjustment to take up wear, 
and lost motion, and so induce a 
smooth even motion in the doc- 
tors. 


An ingenious design incorporated 
in the new traverse motion, which 
is carried in interna] antifriction 
bearings. 


All rolls contacting the blanket now 
have turned-steel pipe bodies. 
The rolls contacting printed goods 
or greys have brass tube bodies. 
Each roll has antifriction bearings 
in Alemite lubricated, self-align- 
ing housings. This condition 
causes less strain on blanket, 
goods, and greys. 


Lightweight drag roll with heavy 
steel body is located above No. 1 
color nip. 


External antifriction collars take the 
thrust in a more efficient manner. 


Color pans have steel base-plates 
which not only last indefinitely, 
but give better visibility to the 
other color pans and doctors on 
the machine. 


Mandrels are of chrome-nickel or 
chrome-vanadium steel, giving 
longer life and reducing deflection. 
The bodies are ground accurately 
so that rollers are easier to remove. 


The later method is to use the STS, 
similar to Rice, Barton & Fales 
gear system, which has standard 
gear teeth, and perfect gear mesh. 
This eliminates the handling of 
star gears and makes it possible 
to have a range of 10 in. on the 
roller circumference. 


The so-called ‘‘high-drive’’ is a 
most compact arrangement and 
permits new machines to be placed 
so as to economize in floor area 
and yet give ample working space 
around the machine. 


The improvements which have been 
made in new drying equipment 
are numerous. The back rigging 
is constructed of heavy steel 
frames and equipped with adjust- 
able brush roll and dust box. All 
turning elements are equipped 
with ball bearings. Many drying 
towers are equipped with properly 
conditioned air and it is practi- 
cable to dry goods at the rate of 90 
to 100 yd per min. The rollers 
supporting the cloth passing 
through the drier are carried on 
ball bearings which are located on 
the outside of the drier. 


A few years ago engineering studies of machine operations 


were made and it was found that the actual running time was 
about 33 per cent of the working day. The remaining 67 per 
cent was consumed in changing patterns. Naturally, greater 
speeds, sometimes higher nip pressures, and above all simplifica- 
tion of mechanical details, were demanded. Many old machines 
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were scrapped because they could not meet the requirements of 
the changed conditions. The products of the improved machine 
are far superior, the rate of production is faster, and maintenance 
costs have been reduced greatly. 

The speed at which a printing machine can economically pro- 
4uce goods depends upon a number of factors, such as the number 
of colors to be printed, texture and width of material, depth of 
engraving, the set on the rollers necessary for satisfactory print- 
ing, and the additional load which the machine itself must pull, 
such as drying cans, batches reeling off machine, and endless 
blankets. The actual production may vary from 30 yd per min 
for silk to 130 yd per min for narrow cotton. An average of 
40 yd per min for silk and artificial fabrics and 100 yd per min 
for cotton should be proper for machines equipped with not 
more than eight colors. In a plant operating with 10, 12, 14, 
and 16 color machines, the output would probably be about 
75 per cent of these figures. 


PowER REQUIREMENTS AND ELEctrRIc Drivgs 


The power requirements for printing machines are very erratic 
and practically impossible to predict with any degree of accuracy. 
Therefore, it is necessary to use a motor of sufficient capacity 
for maximum power demand. The average load is usually 
about 40 to 60 per cent of the demand. Many machines are 
undermotored because proper consideration was not given 
initially to the selection of the motor best suited for the work. 

Present-day printing requires a motor of variable speed, and 
high starting torque. While the power varies with the speed, 
the torque changes widely due to many other conditions, such 
as the number of rollers and pressure. Table 3 shows how the 
power varies only with change of pressure on the nips. 


TABLE 3 POWER VARIATIONS WITH DIFFERENT NIP 


PRESSURES 
No. of Yd per 
colors min Hp 
5 45 11.5 
5 45 23.0 
7 40 23.0 
7 46 11.2 


It is of historical interest to record that the first application 
of electric motors to textile-printing machines in the United 
States was made at the plant of the United States Finishing 
Company, Pawtucket, R. I., about 42 years ago. 


Types or Etectric Drive 


There are four principal methods of electrically driving textile- 
printing machines. These are: (1) The Ward Leonard direct- 
current method, (2) the multivoltage direct-current method, 
(3) the variable-speed direct-current method, and (4) the varia- 
ble-speed alternating-current (BTA) method. 

Ward Leonard Method. This system consists of a direct- 
current motor, a direct-current generator and exciter, and con- 
trolling device. The motor-driven exciter furnishes separate 
excitation for the shunt fields of both the generator and the 
motor. The motor field excitation is constant, while that of the 
generator is varied by means of a rheostat placed in series with 
the field current. By varying the generator field resistance, the 
voltage is changed and this produces a corresponding change in 
the speed of the motor. 

This method is outstanding where a wide range of speeds is 
employed. It is doubtful, however, whether full advantage can be 
taken of these excellent characteristics. Under ordinary circum- 
stances either the adjustable-speed direct-current motor or the 
variable-speed brush-shifting alternating-current motor has 
sufficient speed range for the majority of printing-machine 
applications. 

Multivoltage Method. In this system, as the name implies, the 
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motor speed range is obtained by impressing upon the motor 
voltages of different values. In this country, the method usually 
employs a generator operating at 250 volts and a three-unit bal- 
ancer. These units are designed for 60,80,and 110 volts. From 
this arrangement fixed-voltage steps of 60, 80, 110, 140, 190, and 250 
volts are provided. Four wires are carried to each motor through 
controllers. This arrangement gives a speed range of 6 to 1. 
There are only a very few of these multivoltage systems still 
being used and there seems to be no valid reason for their in- 
stallation. The equipment is bulky, complicated, and expensive. 

Variable-Speed Direct-Current Method. Wherever direct cur- 
rent is available in a mill, the application of the shunt-wound 
direct-current variable- or adjustable-speed motor is the most 
suitable drive for printing machines. With the addition of the 
commutating or interpole, the stability and commutating char- 
acteristics are so much improved that it is now possible to get a 
range of speed variations sufficiently wide to meet most of the 
textile-printing conditions. This variation is achieved both by 
shunt-field and armature control. 

The speed changes may be obtained either by drum controllers 
or by automatic or semiautomatic predetermined speed controllers 
operated by push buttons. The equipment for semiautomatic 
and predetermined speed control is assembled and mounted on 
slate panels housed in steel panel boxes. 

Variable-Speed Alternating-Current Method. Several years ago 
the General Electric Company acquired the American rights to 
manufacture an adjustable-speed alternating-current motor 
known as the BTA motor. This enables printing plants which 
have only alternating-current supply to use electric drives. 
While this motor is not as flexible as the direct-current motor, 
3-to-1, and in some cases 4to-1, speed ranges are obtainable. 
This range should be sufficient for printing and other finishing 
requirements. These motors can be procured for either two- 
or three-phase service. The control equipment for BTA motors 
may be either automatic or semiautomatic, similar to that used 
for installations of direct-current motors. 

A careful comparison of certain features of the BTA equipment 
with direct-current installations indicates that the efficiencies 
throughout the entire range of speed are high. Other charac- 
teristics, however, are not so satisfactory. The starting torque 
is lower, and the speed curve shows a drop of from 10 to 25 per 
cent with increased load. This drop is much greater than the 
drop in the interpole shunt motor equipped with stabilizing 
winding. 

The power factor of the BTA motor is very high except at 
low speeds, although at such speeds it is about 60 per cent; higher 
than other types of alternating-current motors at similar speeds. 
The leading power factor found at high speeds is a highly de- 
sirable condition in territories where utility companies penalize 
for low power factors. 

Maintenance cost is approximately the same with either the 
direct-current shunt or the BTA alternating-current motor. 
Most of the electrical maintenance items in printing-machine 
installations are in the switching gear and control apparatus rather 
than in the motors themselves. The reason for this is that the 
motors will carry higher overloads than the controls. Some 
cases are recorded where excessive interruptions have been 
improved by replacing contactor relays and other control equip- 
ment with equipment of higher capacity. 

The initial investment for direct-current-motor drives is less 
than that for BTA equipment. In cases where only alternating 
current is available, motor-generator sets or rotary converters 
may be installed to change the alternating current to direct 
current to supply the motors. However, it is not economical 
to install a motor-generator set unless the plant has at least three 
printing machines, at which point the investment is about the 
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same as that for BTA motors. When there are more than three 
machines, the motor-generator set and direct-current motors are 
cheaper. 

Other types of alternating-current motors, such as the induc- 
tion, squirrel-cage, and the wound-rotor types, have been used 
occasionally, but for general practice these types are not regarded 
as being satisfactory for textile-printing machines. 

Observation of a large number of machines discloses the fact 
that in most cases the limiting factor which controls the speed 
of production is that of drying. Most drying processes are still 
done on dry cans or cylinders. While cans may be suited fairly 
well for cotton, the acetate and celanese materials are better 
when dried in machines utilizing the principle of rapidly moving 
hot air. Some companies have made or purchased drying equip- 
ment using the basic principle of impinging proper quantities of 
conditioned air for drying purposes. 

It should be remembered, of course, that drying is essentially 
a heat-consuming process and the heat necessary to change the 
moisture into vapor must be supplied solely from the air. The 
rate of drying will then depend mainly upon the rate at which 
heat is transferred to the moisture. It is the autbor’s opinion 
that many plants can increase the production from printing 
machines 35 to 40 per cent by installing modern drying equip- 
ment designed better to meet present-day requirements. 


OTHER PoWER REQUIREMENTS IN THE TEXTILE-PRINTING 
PLANT 


While power applications for other machines and equipment 
in a finishing plant are just as important as those previously 
discussed, the requirements are of such a character that standard- 
type motors and drives can be used. 

The squirrel-cage induction motor is well adapted for a large 
variety of applications. First cost of these motors is lower 
than other types and maintenance expense is also less. It is 
necessary to estimate carefully the power requirements in order 
TABLE 4 ReLATION BETWEEN POWER FACTOR AND LOAD ON 

HREE-PHASE SQUIRREL-CAGE MOTORS 
Full load———. 
Kw 


-——One-half load——. 
fa 


Hp Poles Voltage Kw 
1 4 220 0.53 55 0.91 83 
2 4 220 0.96 78 1.80 86 
5 4 220 2.22 76 4.35 87 
10 4 220 4.36 81 8.70 
15 q 220 6.16 85 13.30 92 
20 4 220 8.09 88 16.83 91 
25 4 220 10.28 90 20.95 92 
25 8 220 10.62 75 21.00 
30 4 220 12.10 91 24.60 93 
40 4 220 16.32 86 32.61 92 
50 4 220 20.00 93 40.50 93 
75 6 220 30.70 80 61.00 88 
100 8 220 41.50 80 8: 90 
150 8 220 55.95 84 120.00 92 
200 10 220 83.50 73 163.20 86 


® Power factor, per cent. 


not to overmotor the machine, as such a condition would result 
in a low power factor which would add unduly to the power cost. 
Table 4 shows the relation between the power factor and load 
on three-phase squirrel-cage motors. 

An inspection of Table 4 shows the necessity of maintaining 
loads on induction motors to at least 50 per cent of the rated 
capacity in order to secure a good power factor. At this point 
it may be expedient to investigate the practical application of 
power factors. One definition of power factor gives it as the 
ratio of electric power in watts to the apparent power in voli- 
amperes, or power factor = watts/EHZ. Another definition gives 
the power factor as being equal to the cosine of the angle between 
the vector representing kilowatts and the vector representing 
kilovolt-amperes. A third definition, and the one which the 
author believes to be the most practical, gives the power factor 
as the ratio of the current producing power to the total current, 
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that is, power factor power current/total current, wherein 
the total current is the resultant of the magnetizing current 
and the power current. 

The chief cause of a low power factor is underloaded induction 
motors, transformers, and other induction apparatus placed in 
an alternating-current circuit. The reason this type equipment 
causes a low power factor is the fact that magnetizing current 
is required. This current does no work but is necessary for 
the proper operation of equipment of this nature. The mag- 
netizing current remains almost constant irrespective of the load. 
From this discussion it is seen that additional investment is 
required in equipment in any system where the power factor is 
low. 

There are three practical methods by which the power factor 
in an alternating-current system can be improved. They are as 
follows: 

1 Apply motors of such capacity as to operate as nearly as 
possible at full load. Wherever machines are overmotored, 
which is the usual tendency with induction-motor applications, 


the motor should be replaced by one of smaller size. : 


TABLE 5 
Factory No. of Type of Elec. 
mach, no. colors cloth Volts Amp hp 
252 33 
1 1 Cotton 252 26 8.8 
handkerchief 250 23 Sot 
250 16 5.4 
252 30 10.1 
252 18 6.1 
2 2 95 2! 2 8.0 
250 27 9.0 
252 30 10.1 
246 38 13.6 
250 40 16.9 
3 2 a5 250 32 12.5 
247 20 21.0 
244 24 7.3 
250 26. «6 8.7 
4 3 95 250 34 11.4 
246 7 13.2 
246 57 18.8 
246 19 6.3 
5 2 68 246 24 7,6 
249 
250 37 12.4 
254 46 15.6 
4 100 255 60 20.5 
250 7 23.4 
242 42 13.7 
242 52 16.9 
6 4 68 246 38 12.5 
246 64 21.0 
246 22 7.2 


* Cloth speed. 
+ Reliance Electric & Manufacturing Company motors. 

2 Sometimes a synchronous motor can be used. This type 
motor not only does useful mechani¢al work but corrects the 
power factor at the same time. 

3 When it is desirable to improve a low power factor without 
using equipment to carry mechanical load, the synchronous 
rotating condenser or static condenser may be used. 

In all power applications, the most important consideration 
should be overall economy. This introduces a study of con- 
tinuity of service and facilities for meeting peak demands as 
well as economical overall operations. While efficiency of 
motors and generators and other electrical and mechanical 
driving equipment cannot be ignored, it should receive less 
consideration than that of continuity. 

It is found frequently that large investments in plant equip- 
ment and spoilage of merchandise occur as a result of erroneous 
decisions having been made in the selection of drive units. In 
most cases, such wrong applications are due to an overzealous 
incentive to consider purely the efficiency of the drive unit 
instead of considering the overall efficiency of either the entire 
plant or a group of machines which depend for proper and con- 
tinuous performance on the individual driving units. 
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Appendix 


This appendix is a compilation of test data in tabular form as 
obtained from textile-printing plants. The data in Table 5 
were obtained from typical applications of direct-current ma- 
chines selected at random in normal operation. Table 6 con- 
tains data obtained from two different plants and correlated to 
show power requirements of BTA and direct-current motors for 
operating machines at the same general cloth speed. Table 7 
is a compilation of data from printing machines manufactured 
by the Rice, Barton & Fales, Inc., Worcester, Mass., operated by 
the various motors listed in the table. 

All of the machines, the data on which are given in Table 5, 


OPERATING DATA OF DIRECT-CURRENT TEXTILE-PRINTING MACHINES 


Yd per Machine 
min® Motor data? description 
95 10-15 hp, type T Old English for 
7 230 v, 39-58 amp 4 colors with 
64 400-1600 rpm 15-cylinder drier. 
32 frame 185 
16 10-15 hp, type T Mfd. oy Phoenix 
33 230 v Fdy. for 3 colors 
466 400-1600 rpm with 2 large and 
52 39-58 amp 6 small cylinder 
56 frame 185T driers. 
75 15-20 hp, type T Mfd. by Textile 
82 230 v Fin. Mach. Co. 
66 58.5-74 amp for 4 colors with 
35 400-1600 rpm 6 large cylinder 
43 frame 230 driers. 
34 15-20 hp, type T Mfd. by Rice, Bar- 
47 230 v, 58.5-74 amp ton & Fales for 
62 400-1600 rpm 4 colors with 13 
77 frame 230 can drier. 
28 15-20 hp, type T Mfd. by Textile 
35 230 v, 58.5-74 amp Fin. Mach. Co. 
54 400-1600 rpm for 4 colors with 
61 frame 230 15-cylinder drier. 
43 15-20 hp, type T Mfd. by Textile 
55 230 v, 58.5-74 amp Fin. Mach. Co. 
64 400-1600 rpm for 4 colors with 
frame 230 15-cylinder drier. 
47 20-25 hp, type T Mfd. by Textile 
60 230 v Fin. Mach. Co. 
19 77-96 amp for 6 colors with 
71 400-1600 rpm 14-cylinder dri- 
24 frame 262 er. 


were operated by shunt-wound interpole motors, and were con- 
trolled by Cutler-Hammer starting equipment. This starting 
equipment consisted of control units and push-button stations 
for “inch,” “slow,” “fast,” and “stop” control. A field rheostat 
was used in conjunction with the “fast”? control. The control 


TABLE 6 POWER REQUIREMENTS OF BTA 


AND DIRECT- 
CURRENT MOTORS 


R OPERATING MACHINES AT SAME 
CLOTH SPEED 


No. of Cloth speed, Horsepower 
colors yd per min BTA Direct current 
4 64 19.0 21.0 
4 78 23.5 wt 
4 70 wie 23.0 
1 32 “e 5.4 
1 48 6.4 


system is a particular arrangement for textile-printing work and 
is explained as follows: 

1 The “inch” button closes the contactors at the “slow” 
position but does not energize any holding coils and, therefore, 
allows the machine to run only as long as this button is being 
pressed. This provides the operator with a means of “inching” 
the machine. The speed is the same as when the “slow’’ button 
is contacted. 
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TABLE 7 OPERATING DATA OF A-C AND D-C TEXTILE-PRINTING MACHINES? 


Input, Yd per No. Output, Power 
Motor data Machine no. Volts Amp w pm min colors hp factor, % 
BTA-326; 8 pole; 30/10 hp 610 565 11 9.6 440 bo 6 9.25 89.0 
1250/415 rpm; 550 v (8 colors) 565 22 21.0 1180 64 6 21.60 97.5 
30.5/15.5 amp; No. 4,560,778 565 22 22.0 1250 70 6 22.80 99.06 
BTA-532; 8 pole; 35/11.6 hp 728 
1250/415 rpm; 36.5/28 amp (8 colors) 565 15 7.4 750 48 1 6.35 50.5 
550 v; No. 5,230,533 
BTA-526; 8 pole; 30/10 hp 626 570 20 11.6 540 28 4 11.70 59.0 
3 1250/415 rpm; 30.5/16.5 amp. (6 colors) 565 20 18.4 1020 64 4 19.00 94.0 
550 v; No. 4,560,778 565 22 22.6 1200 78 4 23.50 97.55 
RF-12; 20/30 hp; 230 v 562 140 70/40 5 
4¢ 525/1500 rpm; 75/114 amp (8 colors) 242 42 0.2 550 25 5 11.20 58.0 
No. 1,337,091 242 54 13.1 720 5 15.00 58.0 
240 75 18.0 1050 5 21.00 58.0 
236 114 26.9 1560 68 5 31.40 58.0 
RF-12; 20/30 hp; 230 v — 240 26 6.24 400 1 6.17 58.0 
5¢ 5256/1500 rpm; 75/114 amp (6 colors) 240 40 9.6 800 54 1 10.60 58.0 
No. 1,337,092 240 45 10.8 900 62 1 12.20 58.0 
240 50 12.0 1090 1 13.70 58.0 


@ All data reported in this table were obtained on Rice, Barton & Fales machines. 
6 Leading power factor. 
© Voltages and currents given represent those at the armature. 


ES: 

In test No. 1 the machine was producing dry goods; the color rolls had a medium set; the cylinder width was 45 in.; the back-rigging consisted of seven 
dry cans of 23 in. diameter and four dry cans of 5 ft diameter; there were no goods in the machine when the first reading was taken; the 1250-rpm reading 
was the maximum speed obtained. ans ‘ 

In test no. 2 the machine was printing mercerized lawn; the color roll had a medium set; the cylinder width was 45 in.; the back-rigging consisted 
of seven dry cans of 23 in. diameter and four dry cans of 5 ft diameter; the speed of the machine could not be varied. : heals 

In test no. 3 the machine was printing cretonne; the color-roll set was fair (more than medium); the cylinder width was 45 in.; the back-rigging 
consisted of six dry cans of 23!/: in. diameter and four dry cans of 5 ft diameter. é y 

In test No. 4 cotton material was being printed; the color-roll set was medium; the cylinder width was 44 in.; the back-rigging consisted of five 5-ft 
dry cans; the control consisted of a drum controller and resistor; the machine was warm, but it started on an armature current of 70 to 85 amp. 

_In test no. 5 the machine was printing a fine-point shirting top; the set of the color roll was very heavy; the cylinder width was 42 in.; the back- 
rigging consisted of six dry cans of 23'/: in. diameter and four dry cans of 5 ft diameter; the control consisted of a drum controller and resistor. 


2 The “slow” button closes the contactors (in the same 
manner as the “inch’’ button) with a resistor in series with the 
armature and a resistor across the armature. TheSe are held 
in place by a holding-coil circuit. This gives a very slow speed 
which cannot be varied by the operator. ; 

3 The “fast” button operates contactors which remove the 
armature shunt and cut out the armature resistor, after which 
the field resistor is inserted. This permits the operator to vary 
the speed of the machine throughout its normal range. 

4 The “stop” button breaks the contactor holding coil, 
cutting the power supply from the machine and putting it across 
a resistor. Thus the field remains energized and results in 
dynamic braking. 

With this control system, the armature resistor runs the energy 
demand of the machine up at slow speeds but gives a threading 
speed which is independent practically of the load. This effect 
is necessary for textile printing. By this means a motor with a 
variable speed between 400 and 1600 rpm can be operated with 


speed regulation approximately 25 per cent below minimum speed. 

The use of interpole shunt motors with the control system 
outlined gives a printing-machine operator a finger-tip control 
over a Wide speed range plus the advantage of “inching.” 


TABLES TYPICAL CONNECTED DIRECT-CURRENT LOAD AND 
POWER SUPPLY 


Total seprested load in use daily, maximum, hp.............. 151 
Constant load, maximum as connected, hp............... oseee 36 
Total horsepower, maximum of daily load in use for printing 
Rated output of motor-generator set, hp.................005, 100 
Ratio of capacity of motor-generator set to connected load 
Maximum load ordinarily observed, includes all machines, hp. . 68 
Ratio of running load to capacity of motor-generator set (68/100) 0.68 


Nore: he usual run of work in textile-printing plants is such that the 
machines are producing with a less number of colors than oe were motored 
—. mone | therefore for most of the working period the machines are over- 
motored. 


In Table 8 are given typical data for textile-printing plants 
with direct-current load and power supply. 


: 
78 
he 
Mie 
Ses 
q 
é 
= 
4 


RP-58-2 


The Torque and Thrust of Small Drills 
Operating in Various Metals 


By O. W. BOSTON! ano W. W. GILBERT,? ANN ARBOR, MICH. 


This paper presents the results of a detailed study in 
which torque and thrust were recorded when drilling with 
small drills ranging from 1/8 in. to 1/2 in. in diameter. 
The influence of cutting speed on the value of torque and 
thrust when cutting a low-carbon steel with a 1-to-16 
emulsion is shown to be appreciable at the lower speeds 
but negligible in the higher ranges of speeds. The torque 
and thrust values are shown to be reduced slightly for 
increased values of helix when drilling low-carbon steel 
with drills of 5/32 in. diameter having helix angles ranging 
from 21 to 40 deg. It is shown that the greatest factor 
of safety, as represented by breaking strength over operat- 
ing torque, is obtained when the helix angle is about 36 
deg. 

Another series of tests reported in this paper shows that 
the torque and thrust are increased as the web thickness 
of 23-deg helix drills of 5/32 in. diameter is increased 
from 0.029 to 0.043 in. The factor of safety is reduced 
as the web thickness is increased. 

Extensive data for torque and thrust for drill sizes rang- 
ing from 1/8 in. to 1/2 in. are given when drilling nine 
ferrous and nonferrous metals. These data are then cor- 
related with corresponding torque and thrust values for 
the same metgls previously reported (1, 2, 3,)*° for larger 
diameter drills. 


HE first part of this paper describes and gives the results 

of an investigation relating to the torque and thrust de- 

veloped by twist drills ranging from '/,in. to '/2 in. diameter 
when drilling five steels, two irons, and two nonferrous metals 
with a 1-to-16 emulsion. 

The influence of different values of helix angle, web thick- 
ness, cutting speed, and feed on the torque and thrust and drill- 
ing performance is determined. The value of torque and thrust 
as a function of drill diameter and feed for industrial use is then 


1 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. Professor Boston was graduated from the University 
of Michigan, Engineering College, in 1913, received a master’s degree 
in 1917, and the degree of mechanical engineer in 1926. He is now 
professor of metal processing and director of the department of 
metal processing at the University of Michigan. He is a member of 
the Special Research Committee on the Cutting of Metals and chair- 
man of the Subcommittee on Cutting Fluids. He is also chairman 
of the A.S.M.E. Committee on Machinability of Steel. He is author 
of many papers and several books dealing with the subject of metal 
cutting and machine tools. He is a member of the Sectional Com- 
mittee on Standardization of Small Tools and Machine-Tool Elements 
and chairman of its Technical Committee on Nomenclature. 

? Instructor in metal processing at the University of Michigan. 
Jun. A.S.M.E. 

* Numbers in parentheses refer to similarly numbered references 
at the end of the paper. 

Contributed jointly by the Special Research Committee on Cut- 
ting of Metals and Machine Shop Practice Division and presented 
at the Annual Meeting of Tue AMERICAN SocieTY OF MECHANICAL 
Enainerrs held at New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1936, for publication at a later date. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


determined. Lastly, these data for small drills are correlated 
with corresponding data presented in earlier papers (1, 2, 3).* 
Charts showing the value of torque and thrust for various feeds 
and commercial drills ranging in diameters from !/z, in. to 1/3 
in. are then presented. 


MATERIAL AND EqQuiIPpMENT UsEeD IN MAKING THE TEST 


The Materials Cut. Nine materials, consisting of cast alumi- 
num, free-cutting brass, gray cast iron, malleable cast iron, 
8.A.E. 3150 steel, S.A.E. 1020 steel, S.A.E. 1035 steel, 0.97 per 
cent carbon tool steel, and free-cutting screw stock S.A.E. 
1112 steel, were cut. These materials have been described pre- 
viously (3). Table 1 lists these metals and gives analyses and 
physical properties. 

The Drill Press. A modern self-contained drill press, illus- 
trated in Fig. 1, was used in conducting the experiments on small 
drills. This press had a capacity of 1'/,in. drills in steel. It 
had a self-oiled geared head providing six selective speeds of 
143, 225, 354, 575, 900, and 1415 rpm and six power feeds of 
0.004, 0.006, 0.009, 0.014, 0.021, and 0.031 in. per revolution. 

The Dynamometer. When testing the large drills, a high- 
capacity hydraulic type of dynamometer (3) was used which 
would record accurately the torque and thrust for drills above 
1/, in. diameter. In these small-drill tests a new type of dyna- 
mometer was used, sensitive enough to record the torque and 
thrust of drills as small as '/s in. diameter. It would record, as 
its maximum capacity in steel, the torque and thrust for !/;-in. 
drills. The two dynamometers, therefore, covered drill sizes 
ranging from !/s in. to 2 in. diameter. 

The small dynamometer consisted of a base which was fastened 
to the drill-press table, an intermediate plate used to record the 
thrust, and a top plate or table which supported the work and 
recorded the torque. The base carried two solid pivot points 
and one movable point, which supported the intermediate plate. 
The movable point was connected through amplifying levers 
to a pen for recording the thrust. The amplifying lever acted 
against a small cantilever spring and allowed a small deflection 
of the table proportional to the force applied. The three pivot 
points on the base formed a three-point support for the inter- 
mediate plate. The top of the intermediate plate was provided 
with a large annular groove filled with bails to support the upper 
plate or table. This allowed the upper plate to rotate without 
friction. The circular motion caused by the torque of the drills 
was transmitted by a second amplifying lever to a torque-re- 
cording pen. This lever for measuring torque acted against a 
second cantilever spring to avoid rotation of the work. A 
plate arranged to move vertically carried the paper on which 
the torque and thrust were recorded. This plate was attached 
to the spindle by a small wire and moved vertically downward 
while the drills were penetrating the work. This dynamometer 
was carefully calibrated for torque and thrust, and a celluloid 
scale was prepared so that the true values of the torque and 
thrust could be read quickly from the charts obtained. 

The Drilling Tests. All drills with unpolished flutes were 
sharpened before each test on a small drill-grinding machine so 
that the shape could be reproduced in subsequent sharpenings. 
Before running any tests, each newly ground drill was used to 
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TABLE 1 THE NINE METALS USED IN THE DRILLING TESTS (3)¢ 


Hardness numbers 


Physical properties——~ 
ie Ultimate Elonga- 


Rockwell strength, tion, per 
section, ; 100 kg, Bri- b per lb per centin 
in. Material Heat-treatment Analysis 1/,e-in. ball nell 8q in. sq in. 2 in. 
1'/; X 2 Aluminum alloy S.A.E. 33 Chill cast............. : 91.00 Al 8.00 Cu 37.5 70 
1.00 Impurities 
18/4 X 15/4 Leaded free-cutting brass Extruded and drawn..... 61.75 Cu 35.00 Zn 
3.21 Pb 0.04 Fe 66.0 100 34700 51800 43°5 
14/44 X 4 Cast iron Cast 3.44 C 2.62 Si 83.5 179 ere 
0.986 Ni 0.478 Mn 
4 Malleable cast iron 40'/, hr to 1550 F 2.46 C 1.00 Si 
ss hr at 1550-1625 F 0.163 P 0.26 Mn 
64!/: hr to cool to 1200 F 0.0718 71.0 137 
0.50 C 1.16 Ni 
2x6 S.A.E. 3150 steel DUI. 555 8 Macioed 0.62 Cr 0.022 P 86.0 196 66140 114200 26.00 
0.68 Mn 0.023 S 
x 4 S.A.E. 1020 steel {9:23 Cc 0.011 P 
0.52 Mn 0.0268 65.0 131 
0.38 C 0.18 Si 
13/4 X 4 S.A.E. 1035 steel ee es 0.017 P 0.53 Mn 75.0 156 
0.0318 
(0.97 C 0.10 Si 
4x6 Carbon tool steel Annealed. . }9:025 ; 0.31 Mn 85.0 152 36500 77350 30.0 
X 1'!/: S.A.E. 1112 steel Cold drawn {3:40-0:43 0.08-0.40 P 89.5 217 
0.70-0.90 S 


® Number in parentheses refers to similarly numbered reference at the end of the paper. 
6 The analysis given is for hard iron. 


Fig. 1 


THe Dritt Press, DYNAMOMETER AND EQUIPMENT USED 
IN TESTING THE SMALL DRILLS 


drill one hole to remove any “feather” edge. All holes were 
drilled to a predetermined depth of 1/; in. when the feed was 
automatically disengaged and the spindle returned to the top of 
its stroke. All holes drilled were dead end, rather than being 
drilled through the work. Torque and thrust values were read 
from the charts for a hole depth of */s in. No drill bushings were 
used in the tests, as it was found they were not needed and 
might influence the values because of chip interference. 

The cutting-fluid system of the press was replaced with a 
gravity-feed system so that a */,:-in. stream of an emulsion made 
of one part of a soluble oil and sixteen parts of distilled water 
was directed on the top of the work about the drill. The dis- 
charge head was 16 in., and 1 quart of the emulsion was discharged 
per minute. 

The Charts. It was found that, when drilling particularly with 
small drills, the value of the torque and thrust was influenced 
appreciably many times by chips forming in the flutes. Fig. 2 
shows the torque and thrust charts when drilling in a free-cutting 
brass with a 30-deg helix drill */s, in. diameter for each of three 
feeds of 0.004, 0.006, and 0.009 in. For this relatively large 
drill in this free-cutting material, the chips were so well broken 
up and disposed of that the values of torque and thrust are seen 
to remain practically constant while drilling the */:-in. deep 
holes. Fig. 3, however, shows similar charts of small */,¢-in. 
drills operating in soft steel. For the finer feeds, the chips ap- 
pear to be well disposed of, and very little increase in torque or 
thrust is noted as the hole increases in depth. For the 0.009-in. 
feed, however, chip disposal becomes important, as is indicated 
by the appreciable increase in torque and thrust. The readings 
taken at relatively shallow depths were considered more reliable 
than those obtained for the holes with depths greater than four 
times the diameter. In all tests on small drills, torque and thrust 
readings were taken at a depth of */s in., since it was found that 
these values could be reproduced easily at such a depth. 


INFLUENCE OF SpeeD, HELIx ANGLE, AND WEB THICK- 
NESS ON TORQUE AND THRUST 


Influence of Cutting Speed on Torque and Thrust. To determine 
the variations in torque and thrust as the cutting speed of a 
drill was changed, a drill of high-speed steel, */s in. diameter, 
was used to drill the annealed S.A.E. 1020 steel at 0.004-in. feed. 
The peripheral cutting speed was increased from approximately 
17 to 139fpm. The results of torque and thrust at these various 
speeds are shown graphically in Fig. 4; the tests were started 
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at the lowest speed, increased to a maximum, and then again 
reduced to the lowest speed as indicated by the arrows. A 
slight dulling effect apparently took place at the high speed, as 
shown by the higher curves on the return. While these curves 
appear to be quite similar to corresponding curves obtained 
when turning with single-point tools, the influence of cutting 
speed is negligible within the commercial range of cutting speeds, 
that is, above 60 fpm. This same conclusion was reached in 
connection with the performance of large drills (1). 
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2 SampLe Torque AND THRUST CHART OBTAINED WHEN 

Brass WITH a 3/s-IN. H1GH-SpeED DRILL 
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Speep or 573 Rem, EQuivaLent To 60 Fem 


THRUST 
FEED 
Gin (8s) 
390 
250 
‘008 
TORQUE 
1.50 
.98 


Fie. 3 Sampte Torque AND THRusT CHART OBTAINED WHEN 
Dritting ANNEALED S.A.E. 1020 Steen A 3/is-IN. Hiau- 
Sprep Drint Havine a 30-Dea Constant ANGLE AND A 
Wes Tuickness or 0.035 In. A 1-To-16 Emutsion Was Usep 

Wir a Currine Sperep or 1415 Rem, EquivaLenT To 60 Fem 


Influence of Helix Angle on Torque and Thrust. <A series of 
experiments was run with a special set of drills 5/3. in. in diameter 
having web thicknesses of 0.034 in., but manufactured specially 
to have a wide range of helix angles. The results of the tests 
are shown in Fig. 5. Each test was run at three feeds of 0.004, 
0.006, and 0.009 in. per revolution, respectively. It is seen that 
both the torque and thrust fall off gradually as the helix angle is 
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increased, both being reduced a total of 26 per cent as the helix 
angle is increased from 21 deg 26 min to 40 deg 23 min. The 
individual points for both torque and thrust when drilling with 
the 0.009-in. feed are seen to be erratic, due, the authors believe, 
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to the influence of the heavy chips in the flutes. This same 
tendency to reduce torque and thrust with increased helix angle 
has been found to hold for drills,of larger diameter. The values 
usually reach a minimum for the largest value of helix angle, 
although when tool life is considered, maximum tool life is usually 
found to be obtained with a helix angle somewhat below the 
maximum shown. It is believed by the authors that an increase 
above 34 deg would result in lower values of torque and thrust 
and lower values of tool life. 

The dashed line in Fig. 6 represents the torsional strength of 
the drill as determined by actual breaking tests in which the 
drills were given a thrust preload of 250 Ib. This shows the 
greatest strength for the drills having the lowest value of helix 
angle. The factor of safety is greatest for the higher value of 
helix angle because the torque and thrust are correspondingly 
reduced. 


Influence of Web Thickness on Torque and Thrust. A series 
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of tests was run in 8.A.E. 1020 steel, with small drills of 5/3; in. 
diameter having constant helix angles of 23 deg. The cutting 
speed was 60 fpm, and a 1-to-16 emulsion was used. The torque 
and thrust, recorded for the series of drills in which the web 
thickness was varied from 0.029 to 0.043 in., are shown graphically 
in Fig. 7. It is noticeable that, for the lowest feed of 0.004 in., 
the torque increases only slightly. For larger values of feed, a 
great increase in torque is noted as the web thickness is increased. 
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This undoubtedly is due to the fact that as the web thickness is 
increased the cross-sectional area of the flutes is correspondingly 
decreased, giving rise to a greater frictional resistance of the 
chips. A similar set of experiments with drills of 1 in. diameter 
has shown that the torque is constant for drills having different 
values of web thickness. 

The upper three curves in Fig. 7 show the thrusts obtained for 
each of three feeds as the web thickness of the drill is increased. 
A gradual increase in thrust amounting to a total of 41 per cent is 
obtained as the web thickness is increased. Similar results were 
found in testing large drills, although for a range of comparatively 
narrow points, very little change in thrust was noted. 


Inasmuch as there appears to be no standard proportion of 
web thickness to diameter in small drills manufactured by vari- 
ous companies, it is difficult to give a summary of true drill 
performance for commercial use. 

The torsional strength and factor of safety of drills with 
variable web thicknesses are shown graphically in Fig. 8. The 
torsional strength of these drills appears to be about equal, 
giving the horizontal dashed line in Fig. 8. The torsional strength 
of this set of drills is seen to be lower than the variable-helix- 
angle drills as shown in Fig. 6. This difference is undoubtedly 
due to the fact that the two sets of drills were made up and heat- 
treated at different times. By dividing the torsional strength 
shown in Fig. 8 by the torque in foot-pounds shown in Fig. 7, the 
factor-of-safety curves shown in Fig. 8 are obtained. It is seen 
that the factor of safety is highest for the drills of thin web 
thickness. 


TorQuE AND THRUST VALUES OF SMALL COMMERCIAL DRILLS 


Several duplicate sets of drills with unpolished flutes, ranging 
from 1/, in. to '/,; in. diameter having helix angles of 30 deg 
and ratios of web thickness to diameter equal to 0.185, were 
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selected for use in obtaining values of torque and thrust when 
drilling each ferrous and nonferrous metal used in the drilling 
tests with large-diameter drills (3). These drills were selected 
to represent commercial stock, but were held to closer limits. 

The 30-deg helix-angle was desirable in order that the results 
might be compared directly with those of the larger drills used 
in previous tests (1, 2, 3). If small drills having helix angles 
less than 30 deg are used, the torque and thrust may be increased 
in accordance with the curves shown in Fig. 5. If different values 
of web thickness are used, for accurate work the torque and thrust 
should be corrected in accordance with the curves of Fig. 7. 

All drills were machine-ground so that their form could be 
duplicated by successive grindings. The point angle was 120 
deg, the peripheral-edge angle 130 deg, and the clearance angle 
at the periphery was 6 deg for drills of all diameters. 

In all tests an emulsion consisting of 1 part soluble oil to 16 
parts water was used. The peripheral cutting speed for each 
drili size was maintained at approximately 60 fpm, giving speeds 
of 1415, 1415, 900, 573, and 354 rpm for the '/¢in., */,,-in., 
1/ein., */s-in., and 1'/;-in. diameter straight-shank drills. In 
testing each metal, feeds of 0.004, 0.006, and 0.009 in. per revo- 
lution were used for each drill. 

Drilling S.A.E. 1020 Steel. The values of torque and thrust 
as determined from the experiments when drilling S.A.E. 1020 
steel with the several small drills each at various feeds are shown 
graphically on log-log paper in Fig. 9. At the lower left, plotted 
over the diameter of the drills, are shown the values of torque 
for each of the three feeds. These data are represented by the 
three straight lines which have a slope of 1.8 vertically to 1.0 
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horizontally. This slope of 1.8, therefore, represents the expo- 
nent of d, the drill diameter in the torque formula. This value 
agrees with the corresponding value previously found for large- 
size drills (3). 

At the lower right of Fig. 9 the values of torque are plotted 
over the three values of feed for each of the drill diameters rang- 
ing from '/s in. to '/, in. These data are satisfactorily repre- 
sented by the straight lines, the slope of which is 0.78. This 
value of 0.78 represents the exponent of f, the feed in the torque 
formula 

T = 1740f°-78d'-8 


given in Fig. 9. The constant 1740 is obtained by substituting 
values for torque, feed, and drill diameter in this formula and 
solving for the constant. This formula agrees with the formula 
for torque determined on the same steel when taper-shank 
drills of large size were used (3). The dashed portion of the 
T-d curve in which f = 0.009, shown in Fig. 9, represents the 
actual values obtained with the larger drills. 

The torque in foot-pounds T for the 1-in. diameter drill at 
0.009-in. feed, as indicated by the point A in Fig. 9, is read on 
the right-hand scale as 45 ft-lb. To determine the values of 
torque for the 1-in. drill at other values of feed, the point A is 
projected horizontally to the point B intersecting the vertical 
line for 0.009-in. feed. By drawing through the point B the 
dashed line parallel to the T-f curves shown at the lower right 
of Fig. 9, the torque for any other feed may be obtained graphi- 
cally. Similarly, another point A’ on any of the 7-d lines may 
be projected for any drill diameter to the corresponding vertical 
feed line at B’ and another line parallel to the T-f line drawn so 
that torque values for that drill size for any feed may be obtained 
graphically. Values of torque for drill sizes ranging from '/s 
in. to 11/2 in. diameter are summarized, however, in Fig. 17, 
which is discussed later in the paper. 

The experimental values of B, the thrust in pounds obtained 
when drilling the S.A.E. 1020 steel with the small drills, are shown 
in the upper part of Fig. 9. At the right, the values of thrust 
are plotted over the three values of feed for each of the five drill 
sizes. Again the points are well represented by the straight lines 
as indicated by a slope of 0.87. This slope represents the ex- 
ponent of f in the thrust formula and agrees with the data obtained 
for large drill sizes previously reported (3). 

At the upper left of Fig. 9, the values of thrust are plotted 
over the drill diameter for each of the three feeds. Again the 
data are fairly well represented by three straight lines as indicated. 
The slope of these straight lines is practically 45 deg, giving a 
slope of 1.0 which is the exponent of d in the equation. This 
shows the thrust to be a direct function of the drill diameter for 
this set of drills which has a constant ratio of web thickness to 
diameter. The resulting equation for thrust becomes 


B = 104,300f°-"d 


When testing the larger drills, ranging from '/: in. to 1'/; in. 
diameter in which the ratio of web thickness was 0.162, 0.139, 
0.141, and 0.144 for the '/;-in., */,in., 1-in., and 1'/,in. diameter 
drills, respectively, the B-d lines on log-log paper were not 
straight. With the large drills, the thrust formula obtained in 
one set of experiments (1) was approximated as 


B = 


in which the exponent 0.78 of f was an average of 0.809, 0.860, 
and 0.681 determined under different conditions of drill diameter 
and feed. For an S.A.E. 1020 steel, K = 41,900. 

In another set of experiments (3), involving the same nine 
metals used in the small-drill tests, the formula obtained con- 
sidering variations in ratio of web thickness to diameter was 


d w 2.12 
= 87, 
B = 785,000f° ( 5 + :) 


which gives the dotted B-d line for 0.009-in. feed shown in Fig. 
9. Using this formula for thrust and the ratio of web thickness 
to drill diameter of 0.185 in. as maintained for the small drills, 
the dashed curve B-d for a feed of 0.009 in. shown in the upper 
left corner of Fig. 9 is obtained. This curved line appears to 
be an extension of the straight line for drill diameters above 
approximately '/, in. The thrust values determined by this 
equation are higher, however, than the actual experimental 
values. This indicates that, in order to fit the straight-line curve 
over the whole range of drill diameters from '/s in. to 11/, in., 
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the ratio of web thickness to diameter should be kept constant. 
This does not appear to be common practice, however. 

A dotted B-d curve also is shown in the upper left corner of 
Fig. 9 for the large drills operating at a feed of 0.009 in. This 
curve is based not on a constant ratio of web thickness to drill 
diameter of 0.185 but on the actual ratios as given previously. 
It is seen that the dotted curve for drill sizes from 1/3 in. to 
1'/, in. is practically parallel to, but slightly lower than, the 
B-d curve for the small drills operating at 0.009 in. feed. In 
commercial practice, whenever the web thickness is considered 
excessive, the drill point is thinned, reducing the ratio of web 
thickness to drill diameter. Values of thrust may be lowered 
as much as 50 per cent by point thinning. 

Drilling S.A.E. 1035 Steel. The experimental values obtained 
when drilling the S.A.E. 1035 steel are plotted on log-log paper 
as a function of drill diameter and feed in Fig. 10. The formula 
for torque is 


= 1300f°-78q1-8 
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This equation is similar to that for the S.A.E. 1020 steel, except 
for a lower value of the constant. In the experiments with larger 
drills, the value of the constant for the S.A.E. 1035 steel was found 
to be 1582 instead of 1300 (3). Otherwise, the equations are 
identical. The fact that the constant is higher in the former 
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paper (3) may be due to the fact that the steel was furnished in 
duplicate bars, one being used in the tests of larger drills and the 
second being used in the tests of smaller drills. 

At the top of the T-d curves of Fig. 10 a dashed line represents 
the torque as a function of diameter for the 0.009-in. feed when 
the large drills were used. This dashed line, if the materials 
were identical, would be a continuation of the solid line for 0.009- 
in. feed. It is higher because of the slight difference in values 
of the constant. By projecting point A on the T-d line for 
0.009-in. feed, to the vertical line through 0.009-in. feed at B, 
the light dashed line parallel to the T-f line is obtained. This 
light dashed line represents the values of torque as a function of 
feed for the 1-in. diameter drill as computed from the tests on 
small drills. The T-f curve for a 1-in. drill, as obtained from the 
tests on large-size drills, is shown as a heavy dashed line just 
above the light dashed line. This shows the difference in values 
of torque for any feed in the two sets of tests. 

The thrust equation is 


B = 96,000f°-*7d 


as represented by the straight lines plotted as B-d and B-f over 
drill diameter and feed, respectively. The formula for thrust 
as obtained with the large-size drills was 


d w 2.12 
B= 
711,000f° ") 


This equation is represented by the dotted line in the upper left 
corner of Fig. 10 for the 0.009-in. feed. The dashed B-d curve 
for 0.009-in. feed is based on the constant ratio of web thickness 
to diameter of 0.185 in., and is too high for the larger drill sizes. 
It also shows that this formula does not hold for the small-size 
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drills having a constant ratio of web thickness to drill diameter 
of 0.185. 

Drilling 0.97 Per Cent Carbon Tool Steel. The experimental 
values of torque and thrust as determined with the small drills 
operating in carbon tool steel are shown graphically on log-log 
paper in Fig. 11. The formula for torque is 


T = 1842f0.78q1-8 


whereas the formula for the larger drills as previously determined 
(3) was 
T = 1864f°-78q1-8 


The two sets of values agree closely. 
For the small drills the formula for thrust as derived from the 
experimental data shown in Fig. 11 is 


B = 133,100f-*7d 


whereas in the experiments for larger drills with a lower ratio of 
web thickness to drill diameter it was 


= 87, on 
B = 921,000f° (: + 2) 


The values of thrust, however, as found with the larger drills 
are correspondingly slightly lower than those of the smaller drills. 
The dashed line, showing a relation B-d, was computed using 
the equation for large drills but with a constant ratio of web 
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thickness to drill diameter of 0.185 which maintained for the 
small drills. The dotted B-d curve for the 0.009-in. feed was 
determined using the equation developed by the larger drills 
and the proper web thickness for those drills. 

Drilling S.A.E. 3150 Steel. The experimental values of torque 
and thrust determined when drilling the S.A.E. 3150 steel pro- 
duce lines on log-log paper quite similar to the steels previously 
mentioned. The formula for torque is 


T = 


whereas the formula for the large drills as previously determined 
(3) was 
= 2025f°:78d!-8 


The constant in the equation for small drills is somewhat lower 
than that in the equation for the large drills. ‘This may be due, 
however, to the individual bars of material tested, inasmuch as 
more than one ton of this steel was purchased in one lot, and 
there was some slight variation from bar to bar. Also, these 
tests were run with drills slightly sharper than the large drills. 
The small-drill holes were drilled on a machined face at right 
angles to the scaled surface used for the large drills. These 
factors have been rechecked and show an influence in torque 
and thrust up to 12 per cent. 
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For the small drills the formula for thrust, as derived from 
experimental data, is 
B = 


whereas the experiments with large drills, having the lower ratio 
of web thickness to drill diameter, produced the formula 


2.12 
B = (: += ) 


The values of thrust for the large drills are slightly lower rela- 
tively than those for the small drills, as indicated by the curved 
lines in the summary thrust curves of Fig. 18. 

Drilling S.A.E. 1112 Steel. The experimental data for torque 
and thrust as a function of drill diameter and feed when drilling 
the S.A.E. 1112 steel with the small drills are shown graphically 
in Fig. 12. The formula for torque is 


The large drills gave 
T 


1222f°-78q1-8 


This indicates that the torque values for the small drills are 
relatively lower than those for the large drills, although the slopes 
of the lines are the same. 

The formula for thrust for the small drills is 


B = 74,100f°-8"d 
whereas the corresponding formula obtained for the large drills is 


2.12 
B = 604,700/°-87 (: 
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Fig. 13 EXPERIMENTAL TORQUE AND TuHrust Data PLOTTED ON 
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Again the thrust values for the large drills are slightly lower than 
the corresponding values obtained with the small drills. The 
highest dashed curve shows values of thrust computed with the 
formula for large drills but with the ratio of web thickness to 
drill diameter maintained by the small drills. This curve is too 
high for the whole range. The straight lines B-d represent the 
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thrust for the small drills, while the dotted line represents the 
actual thrust for the large drills for the 0.009-in. feed. Because 
of the relatively thinner webs of the large drills, the thrust values 
are correspondingly lower. The dotted line at the upper right 
of Fig. 12 represents the actual thrust for the 1-in. drill at vari- 
ous feeds. The dashed B-f line just above represents the same 
values obtained by projecting the results of the small drills. 
Values of torque and thrust also may be obtained for any condi- 
tion from Tables 2 and 3 and Figs. 17 and 18. 
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Log-LoG CoorRDINATES FOR VARIOUS DRILL AND FEEDS WHEN 
DRILLING MALLEABLE Cast IRON 


Drilling Gray Cast Iron. Fig. 13 represents the data obtained 
when drilling gray cast iron. The formula for torque for the 
small drills is 

T = 347f0-69q1.7 


The formula obtained on this same gray iron for the large drill 
sizes was 
T = 344f0-61.7 


The constants of these two equations are practically the same, 
but the slope of the 7-f lines is greater for the small drills. By 
projecting the point A, which represents the torque for the 
1'/-in. drill operating at 0.004-in. feed, horizontally to the point 
B on a vertical line through the 0.004-in. feed, and drawing the 
dashed line through B parallel to the T-f curves, a relation is 
obtained between the torque and feed for a 1'/,-in. drill based 
on the data obtained from the tests of small drills. The cor- 
responding torque-feed line for a 11/,in. drill, as determined with 
the large drills in the same gray iron, is shown slightly above 
by the heavy dashed line. The vertical distance at any point 
between these two lines represents the difference in torque ob- 
tained for this given condition at any feed. This difference is 
due not to a difference of the constant in the formula but rather 
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is introduced by the difference in slope of the feed line, inasmuch 
as the formula for small drills shows f*-*® whereas the formula for 
large drills shows f°*. The two lower heavy dashed lines give 
values of torque for the 1-in. and */-in. drills at any feed. 

The equation for thrust obtained for the small drills is 


B = 25,800f?-7%d 


These values are represented graphically in Fig. 13. That ob- 
tained for the large drills in the same cast iron is 


d w 1.9 
= 
B = 148,000/° (: + 
The thrust values for the small drills are slightly higher relatively 
than those for the large drills, as represented by the B-d and B-f 
curves in the upper left of Fig. 13. The straight lines represent 
the thrust for the small drills, while the dotted lines represent 
the thrust for the large drills. It has been found that other values 
may be obtained for different types of cast iron. 
From earlier experiments (1) using another gray iron, the thrust 
formula was 


B = 14,700f°-d 


in which the 0.6 was an average of 0.516, 0.580, and 0.710 ob- 
tained in tests with different drill sizes and feeds. 

Drilling Malleable Cast Iron. The torque and thrust data 
when drilling malleable cast iron with the small set of drills are 
plotted in Fig. 14. The formula for torque is 


T = 689f°-78q1-8 


The formula obtained on this same malleable iron for the large 
drill size was 
T = 


The constants and exponents of the two formulas are slightly 
different. The heavy dashed T-f lines represent the values of 
torque for various feeds for several diameter drills. The T-d 
dashed line represents the torque for various large-diameter drills 
at 0.015-in. feed. 

The values of torque projected from the data for small drills 
for the large drill size as from A to B are somewhat lower than 
the corresponding values obtained experimentally with the large 
drills. This may be due to a variation in the material used in 
the two series of tests or to a difference of construction of the 
straight-shank and taper-shank drills. 

The formula for the thrust is 


B = 24,400/°-"%d 


The corresponding thrust formula obtained with the large drills 
was 


d w 1.75 
= - 
B = 152,000f° (: + 

It is seen that the experimental values of thrust as a function of 
drill diameter for the greatest feed of 0.009 in. have a tendency 
to fall above the straight line for the lower values of drill diameter. 
The lower values of feed give straight lines. Aside from this one 
variation, the formulas for small and large drills, respectively, 
give values of thrust which are in close agreement. The dotted 
lines at the top of Fig. 14 represent the actual values of thrust 
obtained with the large drill sizes. 

Drilling Leaded-Brass Screw Stock. When drilling free-cutting 
brass, torque and thrust values as a function of feed and drill 
diameter were obtained as shown graphically in Fig. 15. The 
formula for torque is 

T = 
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That obtained on the same material when using the large drills 
was 


T = 418f0-73q1-9 


This shows relatively lower torque values for the small drills 
because of the larger constant and the greater feed exponent in 
the small-drill formula. Actual values for the small drills are 
shown as 7'-d and T-f solid lines in Fig. 15. Actual values ob- 
tained with the large drills are shown at the upper right as heavy 
dashed lines. The actual values for the 1-in. drill as shown by 
the heavy dashed 7'-f lines are higher than those of the light 
dashed line projected through points A and B from the 0.004-in. 
feed line of the small drills. This difference cannot be explained 
unless it is due to a lack of uniformity of the brass rod and a dif- 
ference in the construction of the small- and large-size drills. 
The latter has been found true in check tests on the brass. 
The formula for thrust obtained with the small drills is 


B = 6160/°-*d 
while that for the large drills was 
B = 6636f°-*d 


These two formulas are alike except for the slightly higher values 
of thrust obtained from the large-drill formula because of its 
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larger constant. The solid B-d and B-f lines in Fig. 15 represent 
actual thrust values obtained with the small drills, and the dashed 
B-d and B-f lines indicate the thrust obtained with the large- 
size drills. 

Drilling Cast Aluminum Alloy S.A.E. 38. The values of 
torque and thrust determined with the small drills when drilling 
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5.A.E. 33 cast aluminum alloy are shown plotted on log-log 
paper in Fig. 16. The torque formula is 

T = 
For the large drills the torque formula was 


T = 
3009-— 
Atuminum ALLoy 
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Fie. 16 ExprerIMENTAL ToRQUE AND THrusT Data PLOTTED ON 
Log-LoG CoorDINATES FOR VARIOUS DRILL S1zES AND FEEDS WHEN 
Drituine S.A.E. 33 Cast ALUMINUM ALLOY 


These two formulas agree very closely particularly in view of 
the fact that the formula for the large drills was obtained with 
11/,-in. drills operating at feeds from 0.015 in. to 0.043 in., whereas 
the small drills operated at feeds from 0.004 in. to 0.009 in. By 
projecting the T-d curve for 0.004-in. feed from A over the 
1'/-in. drill size to B over the 0.004-in. feed line, then drawing 
the dashed line through PB parallel to the T-f curves, a relation 
is obtained for the 1'/,-in. drill at various feeds. Just below the 
upper right end of this light dashed line are shown heavy dashed 
lines which represent the experimental values obtained with the 
heavy feeds and large drills. 
The thrust equation obtained for the small drills is 


B = 90,400fd'-? 
For the large drills the thrust formula was 
B = 51,070f'-!d!-? 


These formulas vary both in the constant and in the exponent of 
f. By projecting the B-d curve for the 0.004-in. feed to E on 
the 1'/,in. drill size, thence to F over the 0.004-in. feed line, and 
drawing the dashed line at the upper right parallel to the B-f 
curves, a relation is obtained between thrust and feed for the 
1'/,in. drills. The heavy dashed B-f lines immediately below 
show the values obtained from the large-drill experiments. 
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RECOMMENDED VALUES OF TORQUE AND THRUST AS A FUNCTION 
oF Dritt DIAMETER AND FEED FOR STEEL 


From the data reported for small drills in this paper and those 
previously reported for large drills, Figs. 17 and 18 are presented 
to represent graphically the values of torque and thrust, re- 
spectively, when drilling the S.A.E. 1020 steel in an annealed 
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Fig. 17 A CuHart on Loa-LoG CoorDINATES SHOWING THE 
RELATION BETWEEN DRILL DIAMETER, FEED, AND ToRQUE WHEN 
DRILLING ANNEALED 8.A.E. 1020 STEEL, WirH CoMMERICIAL H1GH- 
Sprep 30-Dea@ Dritis at 60 Fem anp UsING aA 1-To-16 
EmuLsion. THE Wes THIcKNEss Is GIVEN IN Fia. 18 


condition. All drills used had unpolished flutes with a helix 
angle of 30 deg, and ranged in size (a) from 1/3 in. to */s in. and 
(b) from */, in. to 11/4 in. The ratio of web thickness to drill 
diameter for the !/s-in. to */s-in. size range was 0.185 while for 
the */,-in. to 1!/,-in. size range the ratio was 0.14. 

Torque for S.A.E. 1020 Steel. For the S.A.E. 1020 steel the 
value of C in the torque equation for the small-size drills was 
found to be 1740, and for the large drills 1758. This small dif- 
ference may be accounted for in the difference in cutting fluid 
used in the two sets of tests, the degree of sharpness and the 
grinding of the drills. The small drills were ground with a 
cylindrical surface back of the cutting edge to provide the clear- 
ance. The large drills, ground on another machine, had a conical 
surface formed back of the cutting edge. 

From Fig. 17 it is seen that the value of torque for a !/,in. 
drill operating at 0.007-in. feed in the S.A.E. 1020 steel using 
an emulsion of one part soluble oil to sixteen parts water is 3 
ft-lb at 7; the intersection of the horizontal line through !/,in. 
drill size and a vertical line through the 0.007-in. 


feed. Similarly, T, represents 60 ft-lb, the torque TABLE 3 THRUST IN POUNDS FOR SMALL AND LARGE DRILLS OPERATING 


developed by a 1-in. drill operating at 0.013-in. 


feed under the same conditions. — '/s te to 

Torque for Other Steels. The torque for sev- Steel Formula Factor Formula Factor 
eral other steels may be obtained from Fig. 17 g4 1920 B = 104300 1.00 B = 785000 (¢ 1.00 
using factors given in Table 2. Table 2 sum- 
marizes the formulas for torque, the values of 5.A-E.1035 B= 96000/"d 0.96 B = 711000 0.91 
the constant in the equation, and the factors for 9 97 % ¢ d ait 
both small and large drills by which the torque tool steel B = 133100"d = 1.27, B = 921000 9" (5 + 3) sian 
values determined for the S.A.E. 1020 steel in d , w\tl2 
Fig. 17 may be multiplied to obtain the torque (5 a) 
when drilling the several steels listed. To illus- 1112 B= 74100f%7d 0.71 B = 604700 (¢ + 0.77 
trate, the torque required to drill S.A.E. 1035 
steel with a 1-in. drill at 0.013-in. feed is de- Nore: As the constant changes, the thrust for any steel may be obtained by determining 


for each range of drill size the thrust for the drill size and feed in Fig. 18 and multiplying by its 


termined from Fig. 17 and Table 2. The 60 factor. 
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TABLE 2. TORQUE FACTORS FOR SMALL AND LARGE DRILLS 
OPERATING IN STEELS WITH A 1-TO-16 EMULSION 


Small drills Large drills 
—1/s3 to in. diameter— —!/2 to 1!/:in. diameter—~ 
Steel Formula Factor Formula Factor 
8.A.E. 1020 T = 1740 1.00 r = 1758 1.00 
1035 T = 1300 0.75 = 1582 0.90 
.97% 
tool steel T = 1842 1.06 T = 1864f0-%d'8 1.06 
S.A.E. 3150 T = 1500 fo-78d'-8 0.86 T = 2025 fo-78d'-8 1.15 
8.A.E. 1112 T = 1000 f-78 d'-8 T = 1222 dis 0.69 


Nore: In the torque formula only the constant is changed for the differ- 
ent steels. The factor is the figure by which the torque, determined from 
Fig. 17, sbould be multiplied to obtain the torque for its material. 


ft-lb at 7; for the S.A.E. 1020 steel, should be multiplied by 
the factor 0.90, giving a resultant torque value of 54 ft-lb for 
the S.A.E. 1035 steel. 
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Fie. 18 A CHart on LoG-LoG CoorDINATES SHOWING THE RELA- 

TION BETWEEN Dritu DIAMETER, FEED, AND THRUST WHEN DRILL- 

ING ANNEALED S.A.E. 1020 Stee, Wita ComMeErcIAL H1GH-SpEED 

30-Dea Dritis at 60 Fem Usina a 1-To-16 EmuLSION. 

Tue Ratio oF WeB THICKNESS TO Dritt DIAMETER Was 0.185 

FOR DRILLs up To 3/s IN., BUT Was 0.162 FoR THE !/2-IN. DRILL 
AND 0.14 FOR THE 3/4-IN. AND LARGER DRILLS 


Thrust for the S.A.E. 1020 Steel. Average commercial values 
of thrust as a function of drill diameter and feed are shown 
graphically in Fig. 18 for drills with unthinned points drilling 
§.A.E. 1020 steel with a 1-to-16 emulsion. A ratio of web thick- 
ness to drill diameter of 0.185 was used for the drills up to 3/, in. 
diameter and a ratio of 0.14 was used for the drills from #/, in. 
to 11/, in. diameter. One formula was derived for small-di- 
ameter drills and another for the large-diameter drills. The 
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curves of constant thrust for the drills between °/s in., and 
s/, in. diameter are gradually merged because of the change in 
ratio of web thickness to diameter of the drills within this range. 

When drilling S.A.E. 1020 annealed steel with a !/,in. drill 
at 0.007-in. feed, a thrust value of 350 lb is obtained at the point 
B, in Fig. 18. Similarly, at Bz is indicated a thrust value of 
1850 Ib for the 1-in. drill operating at 0.013-in. feed. 

Thrust for Other Steels. Table 3 has been prepared to sum- 
marize the thrust formulas and to give the constants for both 
small-size and large-size drills operating in various steels. To 
determine the thrust when drilling S.A.E. 1035 steel with a 1-in. 
drill at 0.013-in. feed, the thrust, as shown at B, of Fig. 18, for 
S.A.E. 1020 steel, is multiplied by the factor 0.91 given in Table 
3 for the large drills operating in the S.A.E. 1035 steel. This 
gives 1680 lb. 


CONCLUSIONS 


While the conclusions developed experimentally have been 
presented for the several cases in the figures described in this 
paper, attention might be called to the changes made possible 
through the introduction of any variable, such as a slight dif- 
ference in analysis or heat-treatment of the metal, the type and 
condition of the drills, and the exact nature of the cutting fluids. 
The cutting fluid itself may account for an appreciable difference 
in values between the small-drill and the large-drill series of 
tests. An emulsion of 1 part soluble oil to 16 parts water was 
used in the small-drill tests, while an emulsion of 1-to-10 was 
used in the large-drill tests. 

The materials used in the small-drill tests were purchased and 
used in the large-drill tests a matter of two or three years ago 
and some variation exists between the various bars of the given 
type of material. It also appears that there is fundamentally a 
difference in performance between the small straight-shank drills 
and the larger taper-shank drills. This in itself is a suggested 
subject for further investigation. 

While the formula for torque obtained when drilling each metal 
with small and large drills is substantially the same, there is a 
slight difference in some instances in the constant of the equa- 
tion. The development of a universal formula for thrust ap- 
pears to be more difficult. In the early tests on a large number 
of steels (1), formulas were obtained similar to those obtained 
in the present tests with small drills. The exponents of the equa- 
tion, as well as the constant, were slightly different, however, 
due largely to the characteristics of the steels. - 

The graphs prepared for the steels, together with Figs. 17 and 
18, will furnish values for torque and thrust for the whole range 
of drills for those steels tested. The graphs for the cast irons, 
brass, and aluminum have been made as complete as possible 
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so that information for all drill sizes can be read directly from 
them. These various graphs are congested to make the paper 
as condensed as possible. 


ACKNOWLEDGMENTS 


The work on small drills was taken from the dissertation of 
Dr. Gilbert which represented the partial requirement for his 
degree of Doctor of Science. The authors wish to acknowledge 
the assistance of C. J. Oxford, of the National Twist Drill and 
Tool Company, who furnished the drills used in the tests, and 
offered many valuable suggestions. The authors are indebted 
to J. E. Andress, president of Barnes Drill Company, who 
furnished the drill press for testing the small drills. C. E. 
Kraus, of the University of Michigan, designed and constructed 
the small dynamometer and assisted in many ways in carrying 
out the work. All work was conducted in the Department of 
Metal Processing of the University of Michigan. 


BIBLIOGRAPHY 


‘1 “Power Required to Drill Cast Iron and Steel,” by O. W. 
Boston and C. J. Oxford, Trans. A.S.M.E., vol. 52, 1930, paper 
MSP-52-2, pp. 5-26. 

2 ‘Performance of Cutting Fluids,” by O. W. Boston and C. J. 
Oxford, Trans. A.S.M.E., vol. 54, 1932, paper MSP-54-2, pp. 9-38. 

es ‘Performances of Cutting Fluids in Drilling Various Metals,” 
by O. W. Boston and C. J. Oxford, Trans. A.S.M.E., vol. 55, 1933, 
paper RP-55-1, pp. 1-29. 

4 “Torque, Thrust, and Power for Drilling,” by O. W. Boston, 
Journal of the Society of Automotive Engineers, vol. 28, March, 1931, 
p. 378. 

5 “An Investigation of Twist Drills,’’ part 1, by B. W. Benedict 
and W. P. Lukens, Engineering Experiment Station, Bulletin No. 
103, Nov. 26, 1917, University of Illinois, Urbana, Ill. 

6 ‘An Investigation of Twist Drills,”’ part 2, by B. W. Benedict 
and A. E. Hershey, Engineering Experiment Station, Bulletin No. 
159, Nov., 1926, University of Illinois, Urbana, III. 

7 “A Twist Drill Dynamometer,” by W. W. Bird and H. P. 
Fairfield, Trans. A.S.M.E., vol. 26, 1905, pp. 355-366. 

8 “Drilling Feeds,’ by M. Kronenberg, Machinery, vol. 45, 
February 14, 1935. 

9 ‘Bearbeitbarkeit Bohrarbeit und Spiralbohrer,” by S. Patkay, 
Werkstattstechnik, vol. 23, 1929, pp. 3-10 and 33-42. 

10 ‘Uber den Einfluss der Zuspitzung der Spiralbohrerseele,”’ 
by H. Schallbroch, Schiess-Machrichten, no. 4, 1924-1925, pp. 102- 
107. 

11 ‘Experiments Upon the Forces Acting on Twist Drills When 
Operating on Cast Iron and Steel,’’ by D. Smith and R. Poliakoff, 
Proceedings of the Institution of Mechanical Engineers, part 1, 
March, 1909, pp. 315-415. Also, American Machinist, vol. 32, part 
1, 1909, 739-830. 

12 ‘A Bibliography on the Cutting of Metals,” part 1, by O. W. 
Boston, A.S.M.E. Research Publication, Tae AMERICAN Society 
or MECHANICAL ENGINEERS, New York, N. Y., August, 1930. 

13 “A Bibliography on the Cutting of Metals,” part 2, by O. W. 
Boston, published by Edwards Brothers, Ann Arbor, Mich., 1935. 


4 
al 
is 
| 
2 | 
2 
> 
a> 
a 


4 
| 
Oe q 
“=F 
on 
a> 


RP-58-3 


Long-Time Creep Tests of 18 Cr 8 Ni Steel 
and 0.35 Per Cent Carbon Steel 


By H. C. CROSS? anp F. B. DAHLE,? COLUMBUS, OHIO 


This paper, submitted under the sponsorship of the 
Joint A.S.T.M.-A.S.M.E. Research Committee on Effect 
of Temperature on the Properties of Metals, is a report on 
long-time creep tests now in progress on water-quenched 
18 per cent Cr, 9.5 per cent Ni, 0.067 per cent C steel 
at 1200 F, and on an annealed 0.35 per cent C steel at 
850 F. Stresses used were estimated to produce rates of 
deformation of approximately 0.0001 per cent per hour. 
The tests to date have progressed from 4000 to 7000 hours. 


INTRODUCTION 


T THE meeting of the A.S.T.M.-A.S.M.E. Joint Re- 
A search Committee on Effect of Temperature on the Prop- 

erties of Metals in Atlantic City, N. J., in June, 1934, 
C. E. MacQuigg, chairman of subcommittee No. 3 on technical 
projects, was authorized to start two long-time creep tests at 
the Battelie Memorial Institute on the previously tested 18 Cr 
8 Ni steel (K19)* and two long-time creep tests on a 0.35 per 
cent C steel to be supplied by P. E. McKinney of the Bethlehem 
Steel Company. 

This program was undertaken to procure data for comparisons 
of creep rates obtained over short and long periods of time. 
These data will permit comparisons of values obtained by extra- 
polations and computations from creep tests of short lengths with 
the actual test data obtained over longer test periods. The 
tests have now run from 4000 to 7000 hours. It is planned to 
continue the present tests to at least 10,000 hours and they may 
be continued for longer periods at the discretion of the joint com- 
mittee. 


1 Progress report of the A.S.T.M.-A.S.M.E. Joint Research Com- 
mittee on Effect of Temperature on the Properties of Metals. 

2 Member of research staff, Battelle Memorial Institute. Upon 
graduation from high school Mr. Cross entered the Metallurgical 
Division of the Bureau of Standards. While so employed he at- 
tended George Washington University, being graduated in 1927 
with the degree of B.S. in Chemical Engineering. In December, 
1929, he joined the research staff of the Battelle Memorial Institute. 
In his work at both the Bureau of Standards and the Institute, Mr. 
Cross has concentrated on the investigation of the properties of 
metals at elevated temperatures. 

3 Assistant metallurgist, Battelle Memorial Institute. Mr. Dahle 
received the degree of metallurgical engineer from the School of 
Mines at the University of Minnesota. He was employed by the 
engineering department of the Great Northern Railroad for three 
years. Since May, 1930, he has been on the staff at Battelle specializ- 
ing in research on the properties of metals at elevated temperatures. 

‘“High-Temperature Tensile, Creep and Fatigue of Cast and 
Wrought High- and Low-Carbon, 18 Cr8 Ni Steel From Split Heats,” 
by H. C. Cross, Progress Report of the A.S.T.M.-A.S.M.E. Joint 
Research Committee on Effect of Temperature on the Properties 
of Metals, Trans. A.S.M.E., vol. 56, 1934, paper RP-56-6, pp. 
533-553. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Commit- 
tee on Effect of Temperature on the Properties of Metals and pre- 
sented at the Annual Meeting of Tam American Socrety or ME- 
CHANICAL ENGInegrs, held in New York, N. Y., December 2 to 6, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E. 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


MATERIAL 


Specimens 15 in. long were cut from mill length B-12 of the 
low-carbon wrought 18 Cr 8 Ni steel (K19) and water-quenched 
from 2000 F. More complete data on this steel are shown in the 
previous report.‘ 

The Brinell hardness of the heat-treated bars ranged from 149 
to 152, in the same range as noted in the previous tests.‘ 

The 0.35 per cent C steel was supplied fully annealed. De- 
tails of the preparation, heat-treatment, and properties of this 
steel are given in another report submitted by the A.S.T.M.- 
A.S.M.E. Joint Research Committee.® 


Test EQUIPMENT 


The creep-test equipment at the Battelle Memorial Institute 
has been previously described.‘ Creep-test furnaces 15 in. 


PLATINUM 
STRIPS 


20° 


CALIBRATION TEST 
SPECIMEN SPECIMEN 


Fig. 1 CALIBRATION AND SPECIMEN USED IN THE LONG- 
Time TEsTs 
(Note platinum strips used for measuring deformation in the creep test.) 


long and 5 in. in diameter, which are longer, better insulated, 
and equipped with heavier windings than the older furnaces, 
were constructed for use in these tests to be more certain of 
dependable operation over the contemplated duration of the 
tests of 10,000 to 25,000 hours. 

All furnaces proved to be capable on calibration of meeting fully 
the requirements of the A.S.T.M. tentative test method E22- 


5 “Short-Time Tensile Tests at 850 F of the 0.35 Per Cent Carbon 
Steel Material K-20,” Progress report by subgroup D on Short-Time 
Tensile Tests of subcommittee No. 3 on technical projects to the 
A.S.T.M.-A.S.M.E. Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals, Trans. A.S.M.E., vol. 58, 1936, 
paper RP-58-4, pp. 97-101. 
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| wi | i nitude in all cases, were noted for every creep 
| \7 1) i | test in progress on this particular date. Care- 
‘ Pa | ful examination of the equipment and the records 
| ae Y Pom | | of the automatic temperature recorder did not 
show any tangible cause for this occurrence. It 
rod was during a period of heavy rains, and since 
+ 96 ool? the building in the vicinity of the room containing 
| tling, the only explanation for this break in the 
w Ky ie oo © p38 | creep curve is a sudden settling of the building, 
pet ate | | resulting in a decided jar to the creep-test equip- 
a as 2 ment and specimens under load. 
ofoere Ler | | | | | The high rate of elongation shown by specimen 
, ogo? wy | B12-2 was most puzzling and after consultation 
°° as | | | with C. E. MacQuigg, chairman of subcommittee 
| | No. 3 on technical projects to the 
os 4 | A.S.M.E. Joint Research Committee on Effect o 
< pm RA ice | Temperature on Properties of Metals, it was de- 
4 + | 1200 DEGF cided to discontinue this test at 1000 hours and 
oO * | | remove it for inspection and also to recheck by 
calibration the temperature uniformity of the 
| creep-test furnace. 
When removed, this specimen had a most un- 
| | BNI STEEL usual appearance as shown in Fig. 4. The surface 
Oo 400 800 4200 1600 was not evenly oxidized as is usually noted for 18 
TIME - HOURS Cr 8 Ni steel tested at 1200 F. The spotted areas 
Fig. 2 CuRVES aT 1200 F 
ror 18 Cr 8 Ni Steen (K19), Specimens B38-2 | | | | | | | 
AND B12-2 | | 
34T for long-time tension tests. Fig. 1 shows | | | | Rd 
the test specimen used. | | 3 
Creep Tests | | | | | 
Tests of 18 Cr 8 Ni Steel (K19). As decided 
by the joint committee, two tests were started on” 
simultaneously on the 18 Cr 8 Ni steel (K19) at | 
the same load as specimen B38-2 of the previous | | i wo 
tests,4 namely, 8345 lb per sq in. at 1200 F. | | 
and were started on January 17, 1935. The | $600 
shown in Fig. 2 and the time-deformation curve | 92/00 
for B12-1 is shown in Fig. 3. For ease of com- | 
B38-2 (previous test program on K-19)‘ is also 
The initial deformations upon loading for _ wee 
less than for specimen B38-2. It soon became | wt. 
apparent that the rates of elongation for B12-1 a | 
and B12-2 were greater than for specimen B38-2. od2000 tos 
In Fig. 2 the curve for B12-2, although starting | 
at a lower initial deformation, crosses the curve 
for B38-2 at about 500 hours and continues to aon Le 
sbow a considerably higher rate of elongation. 8 ie | 
The curve for B12-1 in Fig. 3 more nearly ap- 
proximates the curve for B38-2 in Fig. 2, their i a i { 
total deformations at 1600 hours being 0.50 per ee) 4 | 1200 DEGF 
cent for B12-1 and 0.6 per cent for B38-2. The — 8345 LBS/SQIN 
slightly higher creep rate for B12-1 has reduced I8CR BNI STEEL 
the difference between the two curves resulting © 200 300 1200 1600 2000 
from the different initial deformations. 
There is a sudden increase in deformation of TIME - HOURS 


specimen B12-1 at 1200 hours as noted from the 
curve. Similar effects, but not of the same mag- 


Fie. Curves aT 1200 F ror 18 Cr 8 Ni Steet (K19), 


SprecIMEN B12-1 


92 
x 
} 
hee 
‘ 
J 
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looked as if corrosion and even pitting had taken 
place, although the specimen was tested in a 
furnace with an oxidizing atmosphere but in which 
circulation was restricted. 

Thinking that the test specimen may have been 
taken from a bar of improper composition re- 
quirements, the magnetic permeability was de- 
termined on this test specimen. Its permeability 
was even lower than specimens tested in creep and 
reported previously. Other 15-in. lengths from 
the same mill length and heat-treated at the same 
time as the test specimen showed equally low per- 
meability. Recalibration of the creep-test furnace 
showed a variation of 2 F at one location on the 
test specimen. Therefore, lack of temperature 
uniformity apparently was not the cause of the 
trouble. 

A disk about 0.3 in. thick was cut from the cen- 
ter of this test specimen. One of the large 
spotted areas was on this disk, which was turned 
over to Mr. MacQuigg for examination by Russell 
Franks of his company. Mr. Franks’s comments 
after examination were as follows: 

“It will be noted that the structure of this steel 
contains large dark spots distributed at random 
and in the grain boundaries. These spots appear 
bluish under the microscope, indicating that they 
represent an oxidized con- 
dition. In other words, 
the steel exhibited a form 
of intergranular oxidation 
which probably occurred 
either during manufacture 
or subsequently as a re- 
sult of heating to moder- 
ately high temperatures 
for long periods. This 
same condition was noted 
in brittle 18-8 tubes we 
recently examined from 
an oil company; tubes 
from other oil companies 
have shown the same con- 
dition. The brittleness of 
the metal in this condi- 
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5 Time-DerorMaTion Curves aT 1200 F ror 18 Cr 8 Nr Street (K19), 
Specimen B12-4 


Fic. 4 AppEARANCE 
oF CREEP-TEST SPECI- 
MEN B12-2, 18 Cr 8 
Ni Stee. (K19), 
Test oF 1008 
Hours at 1200 F, 
AND Loap oF 8345 LB 
PER Sq IN. 


tion cannot be entirely eliminated by 
quenching from 1150 C, as in the case 
when the brittleness results from carbide 
precipitation only. The present sample 
also contains considerable quantities of 
carbide precipitated at the boundaries 
and inside the grains.” 

These data suggest the possibility of 
minute porosity at the points of selec- 
tive oxidation or corrosion on the sur- 
face and in locations where Mr. Franks 
discovered an oxidized condition. 

Two round Izod impact-test speci- 
mens were machined from this creep- 
test specimen B12-2 and when tesved 
gave values of 103 and 104 ft-lb. The 
values obtained in similar impact tests 
on B38-2 in the previous investigation‘ 
were 99 ft-lb. 

Another test (specimen B12-4) was 
started at the same load and tempera- 


ture after recalibration of the creep-test furnace. This test 
specimen showed an initial deformation of about 0.06 per cent, 
which is similar to the values obtained on B12-1 and B12-2 
but lower than the value for B38-2. Table 1 gives a sum- 
mary of the creep-test data for the four specimens which were 
tested. Their time-deformation curves are shown in Figs. 2, 3, 
and 5. 

Of the two tests now in progress one test has run 7000 hours 
and the other has run about 5400 hours. Specimen B12-1 now 
at 7000 hours showed a decreasing rate of deformation up to 
about 3000 hours. At that time a minimum rate of deformation 
of 0.00013 per cent per hour was shown. As the test progressed 
beyond 3000 hours the rate of deformation was greater, with a 
noticeable increase in rate occurring at about 5800 hours and 
going up to a rate of 0.00021 per cent per hour at 7000 hours. 

The rates of deformation at various time intervals are shown 
on the time-deformation curves and the values for rates of def- 
ormation and total deformations at 1000-hour intervals are 
shown in Table 1. 

Specimen B12-4 showed an almost constant rate of deformation 
of 0.00021 per cent per hour from 1200 to 4500 hours. The rate 
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TABLE 1 CREEP-TEST DATA —. oy Cr 8 Ni STEEL 
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K19) AT A TEMPERATURE OF 1200 F AND 


AD OF 8345 LB PER SQ IN. 
Bl2-1 B12-2 B12-4 
Initial deformation, %....... 0.21 0.06 0.07 0.06 
Duration of test, br.......... 1655 7000 1008 5400 
Rate of Total Rate of Total Rate of Total Rate of Total 
deform., deform, deform., deform., deform., deform., deform., deform., 
per cent per per cent per per cent per per cent per 
per hour cent per hour cent per hour cent per hour cent 
500 hr 0.000160 0.435 0.000210 0.27 0.00056 0.45 0.000430 0.41 
1000 hr 0.000160 0.510 0.000180 0.36 0.00045 0.692 0.000230 O.54 
0.000155 0.57 0.000210 0.75 
4000 hr 0.000155 0.86 0.000210 1.16 
Total computed deformation 
as of 10, a 74 2.03 4.74 2.648 


a Test discontinued. 
Test continuing. 


e Computed by extrapolation of time-deformation curves at latest rate. 


of deformation then increased, and was approximately 0.000255 
per cent per hour at 5400 hours. 

Specimens B12-1 and B12-4 show higher rates of deformation 
than specimen B38-2 tested previously‘ and discontinued at 
1655 hours. 

In Table 1 are shown the total deformations in 10,000 hours 
computed by extrapolation of the time-deformation curves. 
Specimen B38-2 shows 1.71 per cent deformation as compared 
with 2.03 per cent for B12-1 and 2.648 per cent for B12-4. 

The difference of 0.32 per cent between specimens B38-2 
and B12-1 is not large. Of more concern is the difference of 
0.93 per cent between specimens B38-2 and B12-4, and 0.62 
per cent between specimens B12-1 and B12-4. It is conceivable 
from the evidence that, if the test on specimen B38-2 had been 
continued for comparable periods of 5400 to 7000 hours, its rate 
of deformation would have increased above 0.000122 per cent 
per hour and a closer check would have resulted with the later 
tests now in progress. 

The behavior of the two specimens run for the longer periods, 
is of considerable interest in that both of them, after showing 
diminishing rates, such as would be expected to appear as strain- 


hardening occurs on deformation, for periods well beyond the 
length of usual creep tests, then showed increasing rates as the 
tests progressed. The inflection in both curves occurs in the 
neighborhood of 3000 hours if their whole course were considered, 
although with specimen B12-4 the presence of the inflection was 
not discernible unti! approximately 5000 hours had elapsed. 

No prediction is made as to whether the upward trend of the 
curves will continue, i.e., whether the third stage of creep has 
been permanently entered, or whether strain-hardening will 
again show up and the rate again diminish to give a wavy curve 
with the waves far apart, a phenomenon discussed by Foley.* 
Comparison of the results on the basis of accumulated strain, 
as brought out by Clark and Robinson’ should also be deferred 
until the tests have run still longer periods. 

Data for creep rates at 500 hours have been included in Tables 


6 Discussion by F. B. Foley of ‘‘An Automatic Creep-Test Fur- 
nace-Guide,”’ by P. H. Clark and E. L. Robinson, Metals & Alloys, 
vol. 6, February, 1935, pp. 50-51. 

Automatic Creep-Test Furnace-Guide,"’ by P. H. Clark 
and E. L. Robinson, Metals & Alloys, vol. 6, February, 1935, pp. 
46-49. 
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| | | shown in Figs. 6, 7, and 8 and the details of the 
| tests noted in Table 2. Considering that the 
—— —}- és hardness and tensile tests indicated a material 
na | heat-treated to produce properties probably on 
2 | | | the soft side, the first creep test was started at 
10,000 Ib per sq in. This test was continued for 
2 | about 1020 hours, at which time it showed a rate 
Wo o7 of about 0.00054 per cent per hour. This rate 
was considerably higher than desired for the long- 
| time tests at the Battelle Memorial Institute, or 
00008 the cooperative tests to be made by the different 
; | Rater 3 pe laboratories on this steel, so a second test was 
| started at 9000 Ib per sq in. This test was dis- 
| continued at approximately 1440 hours at which 
ra ceoseecbi wae is | time it showed a deformation rate of about 0.00026 
S per cent per hour. This rate was also considered 
ar | too high, and therefore a second test was started 
‘al | | at 8000 Ib per sq in. on a specimen numbered 
| | | | 10-A4, and about 850 hours later a test was 
Ph eee 2 | started at 7500 Ib per sq in. on a specimen num- 
| | K-20 10A-4 
“a At the time of the June, 1935, Detroit meeting of 
Pe I 850 DEG F the A.S.T.M.-A.S.M.E. Joint Research Commit- 
Te | ~ | 8000 LBS/SQIN tee on Effect of Temperature on the Properties of 
| | sii asiiitaaiiaiia Metals, the test on specimen 10-A4 indicated a def- 
rate of 0.00013 per cent per hour at 
1580 hours and the test on specimen 25-B5 indi- 
TIME - HOURS cated a deformation rate of 0.00011 per cent per 
hour at 670 hours. Therefore, it was decided to 
Fic. 7 Time-DeFroRMATION CuRVE aT 850 F For 0.35 Per CARBON 
Sree. (K20), Specimen 10-A4 continue both tests rather than run duplicated 
1 and 2 since White, Clark, and Wilson® con- 
cluded that, where strain-hardening is slight,a | 
ability for several thousand hours, but the sound- VY 
ness of the indication varies with thesteel. Sofar, | | 
a correlation with the 500-hour figure might be 
claimed in but one of the four long-duration tests | 
the 18 Cr 8 Ni steel, a notably strain-hardening | | | | | 
material. Again, it is too early to draw conclu- =; | | 
However, these tests, together with the long- | st 
duration tests in the three references just 2 oat | 
strongly indicate that a whole family of creep oO 28/00 
curves, such as the one group shown by Clark 2400 | 
and Robinson,’ or those diagrammatically pre- 0 000 
sented by McVetty,® will certainly be helpful, 
and may be necessary, for a sound engineering | 
evaluation of creep properties. The important K-20 25B-5 
question, on which these tests seek to throw light, | 
is how far do the lower-stress tests in such a 
family of curves need to be extended experi- w | | | 7500 LeS.2am 
mentally? | |0.40 CARBON STEEL 
Tests of 0.85 Per Cent Carbon Steel (K-20). ° 700 Boo 7200 7600 3000 
Some of the data available in the literature in- 
TIME = HOURS 


dicate that a stress of 10,000—12,000 lb per sq in. 
might be expected to produce 1 per cent deforma- 
tion in 10,000 hours for a 0.35 per cent C steel 
when tested at 850 F. The time-deformation 
curves for the creep tests on the 0.35 per cent C steel are 


*“Influence of Time on Creep of Steels,” by A. E. White, C. L. 
Clark, and R. L. Wilson, Proceedings A.S.T.M., vol. 35, part II, 
1935, pp. 167-186. 

* “The Interpretation of Creep Tests,” by P. G. MeVetty, Proc. 
A.S.T.M., vol. 34, part II, 1934, pp. 105-116. 


Fie. 8 CuRVE aT 850 F For 0.35 Per Cent CARBON 


Stee. (K20), Spectmen 25-B5 


tests at the same load. These tests have been continued, and at 
the time this report was written the test on specimen 10-A4 at 
8000 lb per sq in. had been running for 5000 hours while the test 
on specimen 25-B5 at 7500 lb per sq in. had been running for 
4005 hours. 

Specimens 10-A4 and 25-B5 have shown a steadily decreasing 
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TABLE 2 CREEP-TEST DATA FOR 0.35 PER CENT or STEEL (K20) AT A TEST TEMPERA- 


TURE OF 850 
Specimen no........... 10-Al 10-A3 10-A4 25-B5 
Load, lb per sqin........ 10,000 9000 8000 7500 
Initial deformation, %. 0.05 0.05 0.04 0.05 
Duration of test, hr..... 1030 1440 5000 4005 
Rate of Total Rate of Total Rate of Total Rate of Total 
deform., deform., deform., deform., deform.,  deform., deform., eform., 
per cent per per cent per per cent per per cent per 
per hour cent per hour cent per hour cent per hour cent 
500 hr. . 0.00056 0.52 0.000390 0.32 0.00017 0.210 0.000120 0.175 
1000 hr 0.00054 0.80a 0.000335 0.50 0.00015 0.280 0.000120 0.240 
0.000260 0.600 0.00013 0.340 0.000100 0.280 
2000 hr 0.00011 0.400 0.000090 0.340 
3000 hr 0.00010 0.510 0.000090 0.425 
Total computed deformation 
as 10,000 hr, %c......... 2.84 1.135 0.95 


Test discontinued. 
Test continuing. 


¢ Computed by extrapolation of time-deformation curves at latest rate. 


rate of deformation as the test period bas increased until both 
are now below 0.0001 per cent per hour, with specimen 25-B5 
showing a slightly lower rate of deformation than specimen 
10-A4, as is shown in Figs. 7 and 8 and also in Table 2. 
Their computed total deformations as of 10,000 hours are 1.135 
per cent for specimen 10-A4 and 0.95 per cent for specimen 
25-B5. 


It should be noted that it was the decision of the A.S.T.M.- 
A.S.M.E. Joint Research Committee on Effect of Temperature 
on the Properties of Metals to request all those who cooperated 
in the long-time tests on the 0.35 per cent C steel (K20) to run 
their tests at Jeast 1000 hours at a load of 7500 lb per sq in. at 
850 F so that the cooperative tests may be compared with the 
long-time tests now in progress. 
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Short-Time Tensile Tests at 850 F of the 0.35 
Per Cent Carbon Steel Material K20 


The K20 Material Was Tested in Accordance With the Short-Time High-Temperature 
Test Code, A.S.T.M. Specification E21-34T 


vated temperatures, the A.S.T.M.-A.S.M.E. Joint Re- 
search Committee on Effect of Temperature on the Prop- 
erties of Metals obtained a heat of 0.35 per cent carbon steel from 
the Bethlehem Steel Company. This material was designated 
as K20. The detailed report on the preparation and preliminary 
testing of this material as given by the Bethlehem Steel Company 
is as follows: 
“In order that the various cooperating laboratories may have 
a complete history of the 0.35 per cent carbon steel which Beth- 
lehem has prepared for the purpose of standardizing creep-test 
equipment, I am including herewith data pertinent to the melt- 
ing and rolling of this particular heat. 
“The melt in question was the product of a 100-ton basic open- 
hearth furnace. Its melting charge consisted of the following: 


L ORDER to carry on a study of testing methods at ele- 


Structural 105900 Ib 


Drop-forge flash. 13000 Ib 
Cast-iron rolls. . 12400 lb 
Hot metal (four additions) 108700 Ib 
Total metallic 240000 Ib 


“Deoxidation was accomplished by the addition of (1) 1500 
lb of 80 per cent ferro manganese in the furnace, (2) 14 per cent 
silicon in the furnace, and (3) 50 per cent silicon in the ladle. 

“The aluminum addition consisted of 1.2 Ib per ton and was 
added in the ladle. 

“Thirty-inch corrugated ingots were used and teemed through 
a 1'/;-in. nozzle, the following temperatures being observed dur- 
ing tapping and teeming: (1) Temperature while tapping, 2875 
F; and (2) temperature during teeming, 2680-2660 F. 

“All of the ingots (18) were moved after four hours, stripped, 
and charged hot into the soaking pits. 

“The third ingot, from which the bars in question were taken, 
were heated for six hours, rolled to 4-in. by 4-in. billet stock and 
then ash-buried to permit slow cooling. Surface inspection re- 
vealed these billets to be entirely satisfactory from the standpoint 
of seale, visible defects, etc. 

“Normality and acid-etch specimens taken from each end re- 
vealed fine grain (6-8) sound material and accordingly all billets 
were approved for rolling. It was, however, thought best to dis- 
card the bottom cut and roll 2000 lb of adjacent material to 1-in. 
round bar stock. This operation was conducted in the usual 
manner, the details of which are unimportant. 

“After making carbon determinations on each of the above 
bars, 50 mill-length specimens were selected as representing the 


1 Progress report by Subgroup D on Short-Time Tensile Tests, 
H. J. Kerr, chairman, to the Joint A.S.T.M.-A.S.M.E. Joint Research 
Committee on Effect of Temperature on the Properties of Metals. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Committee 
on Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting of THe AMERICAN Society oF MECHANICAL 
Enarnerrs, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1936, for publication ata later date. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


TABLE 1 PER CENT CARBON IN BARS OBTAINED FROM 
BETHLEHEM STEEL COMPANY 
Carbon Carbon 
Bar no. per cent, Bar no per cent 
1 0.35 26 0.35 
2 0.34 27 0.36 
3 0.34 28 0.35 
4 0.35 29 0.35 
5 0.36 30 0.35 
6 0.36 31 0.36 
7 0.35 32 0.35 
8 0.35 33 0.36 
9 0.34 34 0.35 
10 0.35 35 0.36 
11 0.35 36 0.35 
12 0.35 37 0.36 
13 0.35 38 0.35 
14 0.36 39 0.36 
15 0.36 40 0.35 
16 0.36 41 0.36 
17 0.36 42 0.35 
18 0.35 43 0.35 
19 0.35 44 0.35 
20 0.37 45 0.36 
21 0.36 46 0.37 
22 0.35 47 0.35 
23 0.36 48 0.35 
24 0.35 49 0.35 
25 0.35 50 0.36 


These bars were numbered 
(The 


most uniform material chemically. 
from one to fifty inclusive, which identity they still retain.” 
carbon content of these bars is given in Table 1.) 

“Tt will, therefore, be seen that the carbon content of these 
specimens is extremely uniform and while other elements were 
not checked on each bar, sufficient chemical determinations were 
made to convince us that the material was uniform. Complete 
analysis of this heat is as follows: 0.35 per cent carbon, 0.55 per 
cent manganese, 0.016 per cent phosphorous, 0.03 per cent sul- 
phur, and 0.19 per cent silicon. 

‘Heat treatment consisted of the following operations: 

“Heated to 1550 F in 2 hours, held 1 hour and furnace cooled 
to 1000 F from which temperature the bars were air cooled. 

“Reheated to 1280 F in 4 hours, held 2 hours and cooled in the 
furnace to 1000 F, then air cooled. 

“These treatments were conducted in the latest types of elec- 
tric furnaces equipped with roller hearths and all other acces- 
sories designed to insure uniformity. 

“Routine preparations of bar stock for subsequent shipment 
would necessarily include a cold-straightening operation which, 
while not entirely necessary, was inadvertently applied. In 
order to eliminate any cold-working effects which might have 
been brought about by this process all bars were again heated to 
950 F and air cooled. 

“Tensile tests taken from one end of each bar indicated a fair 
degree of uniformity while Brinel! readings were very nearly iden- 
tical. Upon examining the various stress-strain curves, it was 
thought that perhaps the slight bending encountered in straight- 
ening had not been entirely removed by the 950 F draw since an 
occasional variation in elastic limit was apparent. 

“Accordingly, it was decided to re-treat the bars and the treat- 
ing cycle was repeated with the elimination of cold straightening. 
Physical retests revealed a greater degree of uniformity, and 
after discussing the various stress-strain curves with various in- 
dividuals, the bars were thought to be satisfactory for the purpose 
intended. 
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“Stress-strain curves along with Brinell hardness values for 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE 2 aasuL OF IMPACT TESTS AT HIGH 


corresponding bars are submitted with this report. In calculat- saaaeniane ; 
ing true elastic limit from the Baldwin-Southwark recorder No.2 
curves, each vertical division on the cross-section paper is equal 80 31.5 33.5 32 33 
to 250 Ib dead load, which value must, of course, be converted to 450 45.0 45.5 43 43 
600 44.0 48.5 40 41 
pounds per square inch on a 0.505 by 2 in. specimen. 750 34.5 35.5 37 39 
Bethlehem Steel Company 1000 23.0 238.0 23 24 
P. E. McKianey 1200 68.0 73.0 55 56 
> rot TT formity of K20 material and in order still 
S 60 ae Ml further to define its properties. 
8 | | | | | MAO STEEL Tests aT TEMPERATURES 
55 +H 
| Impact Tests. Duplicate Charpy key- 
| hole notch impact tests were made at 
50 +4 seven temperatures by two cooperators. 
The results of the tests are given in Table 
q | | | 2. The specimens were held at the test 
4 me > SJ t ) ) There is good agreement between the re- 
40 sults submitted by the two cooperators 
N | | | | = except at 1200 F. However, the same 
| | trend of the impact-resistance curve is ob- 
3S served in both sets of data. These values 
must be regarded as short-time test results 
{| | | HI LL since they become entirely different after 
wer | | long exposure to temperature. 
Creep Tesis. Preliminary data on long- 
time (creep) tests of material K20 are 
70 10* presented in another report.? 


Fic. 1 ENpuRANCE CuRVE OF 0.35 Per Cent CarBon STEEL K20 


Attached to Bethlehem’s report were stress-strain curves repre- 
senting the 49 coupons tested, and the data pertaining to their 
ultimate strength and ductility. The data indicate remarkable 
uniformity at room temperature. The minimum and maximum 
values, respectively, were given as: Ultimate strength, 68,000- 
70,000 lb per sq in.; proportional limit, 21,500-24,000 Ib per sq in.; 
elongation in 2 in., 36.5-39 per cent; reduction of area, 62.3-65.8 
per cent; and Brinell hardness number, 128-131. 

A truer picture of the uniformity of the material is obtained by 
noting that out of the 49 tests, the ultimate strength of 39 tests 
showed an ultimate strength between 69,000 and 69,500 lb per sq 
in., 31 tests showed between 37.5 and 38.5 per cent elongation in 
2 in., 47 tests showed a reduction of area between 64.7 and 65.8 
per cent, and 44 tests gave a Brinell hardness number of exactly 
131. 

Fig. 1 shows the results of fatigue tests on the K20 steel. The 
tests were made on rotating-beam machines of the R. R. Moore 
type, giving 1740 cycles per min. The specimens were of con- 
ventional form and were polished longitudinally so as to be free 
from circumferential scratches. 

The endurance limit at 50 million cycles is 35,500 lb per sq in. 
There is no indication that a value appreciably lower would be 
found at a still larger number of cycles. The two specimens 
which were unbroken after 50 million cycles were retested at 
45,000 lb per sqin. The results show little evidence of strength- 
ening by understressing, and some indication of damage by a 
stress of 35,000 lb per sq in. 

It is generally recognized that the fatigue test is very sensitive 
to slight differences in the specimens and that commonly the 
stress-cycle relation is a band of considerable width. Steel K20 
is remarkably free from this “scatter,” all but two of the points 
being very close to a smooth curve. These tests, made at Bat- 
telle, are presented as additional evidence of exceptional uni- 


ELEVATED TEMPERATURE TEsTs AT 850 F 


A.S.T.M. tentative specification 
34T was set up to provide a test code for short-time tensile tests 
at elevated temperatures. In order that this code might be 
tested, prior to its adoption as a standard, a number of members 


TABLE 3 SHORT-TIME TENSILE TESTS AT 850 OF THE 0.35 
PER CENT CARBON STEEL MATERIAL K20 


Temp at 
Propor- Stress at Stress at center 
Ultimate tional 0.1 per 0.2 per Reduc- (Co) 

Co- strength, limit, cent set, cent set, Elong., tion of of gage 

operator lb per lb per lb per b per per area, length, 
No. sq in. sq in. sq in. aq in. cent per cent ¥ 
1 51,820 ara band 42.0 78.0 850 
49,180 43.0 78.9 850 
49,180 40.0 78.0 850 
2 47,550 10,200 18,525 20,210 45.8 78.4 850 
49,450 10,100 18,500 20,200 45.6 78.3 850 
3 47,700 18,000 21,000 23,000 34.0 77.9 850 
46,800 17,000 20,000 21,700 33.0 78.5 850 
46,600 18,500 21,000 22,500 34.0 78.7 850 
4 46,350 <n 18,500 20,200 49.0 79.2 849 
45,700 on 18,000 19,800 49.0 79.3 849 
5 45,500 16,500 19,500 20,500 49.0 80.1 850 
45,125 51.0 80.5 850 
6 45,175 6,250 17,500 19,375 48.5 80.2 850 
44,600 5, 16,800 18,750 48.5 80.4 850 
7 44,200 shane 17,300 19,000 42.5 80.0 855 
44,800 Aes 21,600 22,500 43.0 81.0 855 
45,100 mes 17,700 19,700 42.0 80.0 855 
8 44,100 11,400 18,100 19,800 46.9 81.3 850 
9 43,750 y 18,200 19,900 47.0 80.9 875 
43,400 11,250 19,100 20,700 47.5 80.9 875 
10 40,500 11,000 18,500 err 52.0 81.5 850 
46,400 8,000 17,400 Bee 50.0 80.8 850 
42,500 11,000 17,750 19,750 56.0 80.6 850 
11 42,800 15,000 49.0 79.8 
12 40,200 10,000 16,500 18,000 59.4 84.0 850 
43,500 12,500 17,250 18,750 55.2 82.3 850 
43,900 12,500 18,250 " 53.6 81.8 850 
13 41,500 10,100 17,600 18,600 54.4 82.9 850 
42,400 13,000 18,000 19,800 56.7 82.4 850 


2 “‘Long-Time Creep Tests of 18 Cr 8 Ni Steel and 0.35 Per Cent 
Carbon Steel,” by H. C. Cross and F. B. Dahle, progress report of 
the A.S.T.M.-A.S.M.E. Joint Research Committee on Effect of 
Temperature on the Properties of Metals, Trans. A.S.M.E., vol. 28, 
1936, paper RP-58-3, pp. 91-96. 
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of Subcommittee D of Committee III were requested to cooper- 
ate in testing at 850 F, strictly in accordance with this code, 
the 0.40 per cent carbon steel known as K20. 

1@ cooperators in this test given alphabetically are: Babcock 
& Wilcox Company, Battelle Memorial Institute, Carpenter 
Steel Company, Crane Company, Lunkenheimer Company, 
Midvale Steel Company, Republic Steel Company, Scovill Manu- 
facturing Company, University of Illinois, University of Michigan, 
and the Westinghouse Electric and Manufacturing Company. 

In preparing the various tables and charts, which are a part 
of this report, the cooperators have been numbered consecu- 
tively, but not in the same sequence as in the alphabetical listing. 

Table 3 lists all of the data as reported by the various coopera- 
tors, as well as the temperature at the middle of the gage length 
on the outside of the coupon, or at point Co. In preparing this 
table, the data have been listed in the order of descending average 
ultimate tensile strengths. 

The data from the various cooperators have been plotted in 
Figs. 2 and 3 in the same order. From these charts it can be 
seen readily that the other properties do not produce an equally 
smooth curve. This is quite noticeable in the case of the pro- 
portional limit, and the elongation in 2 in. These will be dis- 
cussed later under the head of “Sensitivity” and ‘Temperature 
Variation Within the Furnace.” 

Cooperator No. 1 did not conduct these tests according to the 
A.S.T.M. specification, and as a result only offered his data for 
comparison purposes; therefore, in making certain statements 
and comparisons in this report, his work has not been included. 
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The extreme variations between the highest values reported 
(No. 1 omitted), namely, by cooperator No. 2, and the lowest 
values reported, namely, by cooperator No. 13, are given in 
Table 4. 

The factors which might enter into the variation noted be- 
tween the various cooperators may be given as follows: (1) 
steel, (2) testing machine, (3) verification of machine, (4) room 
temperature, (5) temperature equilibrium, (6) calibration bar, 
(7) speed of testing, (8) tempera‘ure-measuring apparatus, (9) 
sensitivity of extensometers, (10) furnace design, and (11) varia- 
tions in temperature throughout the furnace length. 


RP-58-4 99 


TABLE 4 VARIATION OF HIGHEST AND LOWEST VALUES 
SUBMITTED BY COOPERATORS 


Cooperator Cooperator 
-—No. 2— -—No. 13—~ 
Ultimate strength, lb per sq in... 49450 47550 42400 41500 
Proportional limit, lb per sq in... 10100 10200 13000 10100 
Stress at 0.1 per set, |b per sq in.... 18500 18525 18000 17600 
Stress at 0.2 per set, lb per sq in. 20200 20210 19800 18600 
Elong. in 2 in., per cent...... 45.6 45.8 56.7 54.4 
Red. of area, per cent.... 78.3 78.4 82.4 82.9 
Temp at Co, - 850 8 850 
Temp at C, F...... 832 832 849 849 
Temp at To, F... 812 812 84 846 
Temp at Bo, F... 842 842 845 845 
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Steel. The data submitted by the Bethlehem Steel Company 


and quoted earlier in this report, taken in conjunction with the 
uniformity as reported by other committees, warrants the elimi- 
nation of the steel as a source of the variations noted between the 
cooperators. It is noteworthy that each cooperator obtained 
excellent checks on his duplicate samples, but failed in certain 
instances to chetk other laboratories by a margin that is not in 
keeping with the narrow range of the room-temperature tensile 
properties. 

Testing Machines. All cooperators reported the use of stand- 
ard machines, recently calibrated, and that the tests were made 
at constant room temperature, with their furnaces shielded from 
abnormal drafts. They also further reported at least 1 hour at 
temperature, so as to insure temperature equilibrium; hence 
these factors may be eliminated. 

Calibration Bar. Considerable thought should be given to the 
question of whether a calibration bar of the type shown in Fig. 2 
of A.S.T.M. specification E21-34T, indicated the actual tempera- 
tures prevailing when a standard A.S.T.M. coupon is under test. 
It is questionable whether the temperature distribution is the 
same in the two cases. 

Speed of Testing. An effort to determine, from the data sub- 
mitted, the effect of speed of testing upon the proportional limit 
and the 0.1 and 0.2 per cent set, disclosed that four cooperators 
failed to report their speeds, seven reported speed of head of ma- 
chine (presumably without load), and only two reported rate of 
elongation between gage marks. Further, the reported speeds 
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TABLE 5 SENSITIVITY OF EXTENSOMETERS AND PROPOR- 


TIONAL LIMITS 
Proportional limit, 


Extensometer Sensitivity, lb per sq in.—-—~ 
Group attached to in. Average Range 
A Gage length 0.000002 8800 5000-11000 
B Gage length 0.000100 109) 10000-12500 
C Shackles 0.000100 11550 10000—13000 
D Head 0.000400 15000 15000 
E Gage length 0.001000 16500 16500 
F Shackles 0.001000 17800 17000-18500 
TABLE 6 
Sensitivity, Avg proportional limit 
in. lb per sq in. 
0.00002 8800 
0.00010 11000 
0.00040 15000 
0.00100 17750 


varied from 0.001 to 0.31 in. per min for speed of head, and from 
0.00046 to 0.0065 in. per min when measured on the gage length. 
Speed of testing (the rate of deformation of the specimen) ap- 
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pears to be a factor of importance. It is suggested that, in view 
of the wide differences in speed used by the cooperators, addi- 
tional work be done to determine the magnitude of this factor. 
A closer control of speed might have corrected some of the dis- 
crepancies in the reported values. Further work might show the 
necessity for a more rigid specification for testing speed in the 
code of recommended practice. 

Temperature-Measuring Apparatus. The information sup- 
plied by the cooperators warrants the conclusion that the tem- 
perature-measuring equipment was, in all cases, accurate to 
within at least +2 F. 

Sensitivity of Extensometers and the Effect on Proportional 
Limit. The proportional limit as determined, showed an ex- 
treme range from 5,000 to 18,500 Ib per sq in. ‘Different types, 
except for their sensitivity, as well as different methods of at- 
taching the extensometers, make but little difference in the re- 
sults. 

Due to a difference in the method of conducting tests on dupli- 
cate bars, it was possible to divide the work of one cooperator 
into two groups, which were numbered cooperators No. 10 and 
No. 11. The real difference, in so far as this report is concerned, 
is the sensitivity of his extensometers. In case No. 10 he had 
greater sensitivity than in case No. 11. 

Since the 0.1 and 0.2 per cent set results vary, as will be dis- 
cussed later, in accordance with temperature conditions within 
the furnace, it appears that the sensitivity of the extensometer is 
the controlling factor in the determination of the proportional 
limits. The correctness of this statement is well illustrated by 
Table 5. The small differences between group B and group C, as 
well as between groups E and F warrant the data listed in Table 
6 and graphically shown in Fig. 4. Therefore, if proportional 
limit is to be considered in this or any other specification, it must 
be classed in accordance with the sensitivity of the measuring de- 
vice. 
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Furnace Design. This feature is so bound up with ‘“Tempera- 
ture Variations Within the Furnace Length,” that they will be 
discussed together. 

In general, it may be stated that, with one exception, the fur- 
naces appear to be correct for the purpose intended. One co- 
operator is equipped with a furnace which is distinctly too short, 
and this condition is reflected in the results which he reported. 

Two new features were reported, namely: 

1 Taps from the winding are brought to the outside of the cas- 
ing, thus permitting, by the use of shunts, variable control of the 
current through any section. 

2 Suspending the furnace by cords and pulleys, with one end of 
a cord attached to a stationary support and the other end to the 
movable head of the testing machine, thus keeping the center of 
the coupon in the center of the furnace during the test. 

Even though the furnaces appear to be correct for the purpose, 
a careful study of the temperature survey data indicates varia- 
tions which are not only greater than allowed by specification 
E21-34T, but are also so great that they cause the variations 
noted in the test data. Table 7 is a tabulation of the tempera- 
ture-survey data obtained with the calibration bar. In this 
table all values reported by individual cooperators were adjusted 
so as to bring Co to 850 F. 

The temperature interval between the highest and lowest 


TABLE 7 TEMPERATURE DATA OBTAINED FROM CALIBRA- 
TION BARS 


Cooperator —-—-——--Point at which temperature was read-——-—— 
No. ig i ‘0 Cc Cob B Bo 
2 788 812 832 850 842 
3 846 850 as 846 850 717 729 AAP 
4 849 852 849 850 850 850 853 848 
5 840 845 850 840 850 ee 840 848 
7 815 818 833 845 850 ee 807 829 
8 aa 817 846 842 850 ee 821 846 
9 820 825 carte 835 850 810 820 oe 
12 859 853 859 &57 850 841 850 859 
13 845 847 846 849 850 847 849 845 


* No data submitted. 
6 All values reported by individual cooperators were adjusted so as to 
bring Co to 850 F. 


TABLES TEMPERATURE INTERVAL BETWEEN HIGHEST AND 
LOWEST TEMPERATURES REPORTED 
Location of Temperature 
temp. reading interval, F 

44 
Ti 65 
To 47 
25 
Co 850¢ 
B 133 
Bi 124 
Bo 30 


a data submitted by individual cooperators corrected to bring Co to 
85 A 


TABLE9 TEMPERATURE INTERVAL BETWEEN HIGHEST AND 
LOWEST TEMPERATURE REPORTED ON CALIBRATION BARS 


-—Temperature interval on— 


Cooperator Gage Calibration 

No. length, F bar, F 

1 

2 62 

3 121 133 

4 5 

5 10 10 

6 4 4 

7 43 43 

8 33 33 

9 30 40 
10 9 9 
ll 2 2 
12 9 18 
13 5 5 


temperature reported at each point, by all of the cooperators in 
their temperature surveys is g'ven in Table 8. The temperature 
interval between the highest and lowest temperature on each 
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cooperator’s calibration bar is given in Table 9. The values in 
the second column represent the extreme difference between any 
two of the points Ti, To, C, Co, Bi, and Bo, whereas the third 
column includes values at the additional points T and B. Only 
six of the 13 cooperators reported temperature variations which 
do not exceed the 10 deg allowed in par. 5 (6) of A.S.T.M. speci- 
fication E21-34T. 

Their data on physical properties and temperature survey, 
as shown by Fig. 5, is in much better agreement, but it still shows 
the influence of temperature variations. 
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One of the cooperators conducted his tests with two furnaces, 
having marked differences between them. These differences are 
reflected in his temperature surveys and physical results. In 
order to permit comparing these data, his work has been assigned 
two numbers, namely, Nos. 8 and 13. 

As No. 8, he did not report temperatures at T and B and he 
had a difference of 33 F between Ti, Bi, and Co with the ends 


colder, hence the tensile was higher and the elongation lower than 
as No. 13, where the temperature between Bi, Ti, and Co dif- 
fered only 3 F and only 5 F between any two points. 

Of further interest is the fact that he used, in both cases, an ex- 
tensometer of equal sensitivity, but attached it to the gage length 
in case No. 8 and externally in case No. 13. 

A careful study of all data submitted, leads to the following 
conclusions: 

1 Temperature differences are the principal cause of (a) the 
variations in ultimate strength, (b) 0.1 and 0.2 per cent set, (c) 
elongation in 2 in., and (d) reduction of area. 

2 Sensitivity of extensometer controls the value of the propor- 
tional limit. 

3 Many furnaces were not properly compensated at the ends, 
so as to maintain, between the gage marks, uniform and constant. 
temperatures during the time that the coupon is under test, that is, 
up to the moment of fracture. 

4 Insufficient heat at the ends causes the central portion of the 
gage length to be pulled toward a colder zone with resulting 
high-tensile and low-ductility values. See results of cooperators 
No. 3, 7, 8, and 9. ; 

5 Overcompensation, resulting in excess heat at the ends, causes 
the central portion to be pulled toward a hotter zone, with re- 
sulting low tensile and high ductility. See results of cooperators 
No. 6 and 12. 

In the opinion of Subcommittee ITI-D, the following changes 
should be made in A.S.T.M. specification E21-34T: 

1 The note, under par. 5(b), refers to a metallic lining to bring 
about greater temperature uniformity. This metallic lining or 
other adequate means of compensation should be required. 

2 Par. 5(b) permits a variation of 10 F in the gage length of 
the coupon. This should be changed to 5 F between any two 
points, including T and B. 

3 The zone of uniform temperature should be longer, there- 
fore the temperature survey should include points beyond the 
fillets and out into the threaded end of coupon. 

4 Temperature to be surveyed with actual test coupons. The 
use of a longer coupon (see next paragraph), and a longer zone 
of uniform temperature will eliminate the necessity for a hollow 
calibration bar. 

5 Coupon for elevated temperature test to be in accordance 
with Fig. 6. 

6 Par. 6(5) of A.S.T.M. specification E21-34T, to be changed 
to require, during test, the hot junction of thermocouples at 
points To, Co, and Bo. 
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High-Temperature Properties of Cast and 
Wrought Carbon Steels From Large 
Valves for High-Temperature Service 


By H. C. CROSS? anv F. B. DAHLE,* COLUMBUS, OHIO 


The authors report on a comparison made at tempera- 
tures of 750, 850, and 950 F of the short-time tension, 
impact, and creep properties of two forged and two cast 
carbon steels taken from finished valve bodies and tees 
obtained from the regular commercial run of three 
reputable manufacturers and made for service at elevated 
temperatures. Each manufacturer suppling the material 
gave it the heat-treatment normally used in his own plant 
for that particular type of material. 

Two cast steels and one forged steel contained about 
0.35 per cent carbon and one forged steel contained about 
0.27 per cent carbon. Definite differences in structure 
were found. One cast steel as suppiied by the manufac- 
turer showed a spheroidized structure, while the other 
three steels were pearlitic. 

Results of the creep tests are compared with the struc- 
tures, and results of the short-time tension tests and 
impact tests at room and elevated temperatures are given. 


INTRODUCTION 


EAKNESS of steel in resisting deformation under long- 

continued loading at high temperatures is often as- 

cribed to the grain boundaries. A corollary statement, 

often made without qualification, is that materials with few 

grain boundaries, i.e., coarse-grained ones, such as castings, are 

superior in creep resistance to fine-grained materials of similar 

composition such as rolled or forged material. This generaliza- 

tion is easy to remember, and the engineer is only too likely to 
remember it and use it without qualification. 

At some high temperature, it is probably true that for a given 


1 Presented under the auspices of the A.S.T.M.-A.S.M.E., Joint 
Research Committee on Effect of Temperature on the Properties of 
Metals. 

2 Member of research staff, Battelle Memorial Institute. Upon 
graduation from high school Mr. Cross entered the Metallurgical 
Division of the Bureau of Standards. While so employed he at- 
tended George Washington University, being graduated in 1927 
with the degree of B.S. in Chemical Engineering. In December, 
1929, he joined the research staff of the Battelle Memorial Institute. 
In his work at both the Bureau of Standards and the Institute, 
Mr. Cross has concentrated on the investigation of the properties of 
metal at elevated temperatures. 

3 Assistant metallurgist, Battelle Memorial Institute. Mr. Dahle 
received the degree of metallurgical engineer from the School of 
Mines at the University of Minnesota. He was employed by the 
engineering department of the Great Northern Railroad for three 
years. Since May, 1930, he has been on the staff at Battelle 
specializing in research on the properties of metals at elevated 
temperatures. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Committee 
of Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting of Tome AMERICAN Society OF MECHANICAL 
Enotnerrs, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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composition and similar structure, the coarse-grained material 
has a higher load-carrying ability. It is not true that there is a 
superiority, in a coarse-grained structure, at either room tempera- 
ture or at the moderately elevated temperature at which creep 
properties begin to be important. 

The statement was perhaps originally made by French, 
Kahlbaum, and Peterson (1)‘ in regard to 18 Cr 8 Ni steel at 
1180 F, but it was carefully qualified by comment on the dangers 
of coarsely crystalline metai from other viewpoints. Stanbery 
(2) comments on the assumption that, above the strain-hardening 
range, alloys of large grain size such as is found in castings are 
superior to those of the same composition but of smaller grain 
size as in the wrought state. On account of the greater likelihood 
of minute flaws and blowholes in castings, he balances these 
factors and uses the same design values for both cast and wrought 
materials, stating that this is the best thing to do in the present 
state of ignorance. 

Tapsell (3) states that a higher margin of safety would be re- 
quired for cast than for wrought materials in high-temperature 
service. One might even argue from such comments that the 
burden of proof as to soundness and equality of properties of 
cast materials as compared with wrought materials could properly 
be placed on the cast materials. At any rate the choice between 
them should be made on the basis of precise knowledge rather 
than vague generalities. 

Workers of the present day generally qualify the statement by 
confining it as Stanbery did to temperatures above the equico- 
hesive-temperature range, that is, the blue-brittle or strain- 
hardening range, usually without being very specific as to what 
the temperature is for the particular alloy under consideration. 

Bull (4) states: “Other conditions being the same, a steel 
casting of a given composition is apt to show less deterioration 
from heat alone than does a steel forging or a part made of rolled 
steel.”’ However, in another sentence he qualifies this as holding 
only at and above the blue-brittle range. 

Trinks (5) states: “Experimenters are agreed that castings of 
a given alloy have higher creep strength than rolled or forged 
material of the same composition, apparently because at high 
temperatures the larger crystal structure resists creep or plastic 
flow.”” However, he does not specify where “high temperature” 
begins. 

Experimental evidence for such statements rests chiefly on 
the results of Kanter and Spring (6), who made 500-hour creep 
tests on cast and wrought steels (which varied in carbon content) 
and later compared 0.20 per cent carbon cast and forged steels 
in more extended tests. At 800 F and loads approaching reason- 
able design loads they found no appreciable difference between 
the cast and wrought 0.20 per cent carbon steels, while at 1000 
F and at extremely high loads a superiority of the castings was 
indicated. In short-time tests, even at the higher temperature, 
the forged steels were superior. 


4 Numbers in parentheses refer to bibliography at the end of the 
report. 
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Tapsell (3), writing just after the appearance of the paper 
of Kanter and Spring (6) and taking it into account, as well 
as his own work and that of other investigators, remarks that: 
“Carbon steel in the cast condition is probably no better and 
perhaps worse than steel which has been worked and afterward 
annealed or normalized.” 

Bailey and Roberts (7) examined a cast 0.30 per cent carbon 
steel and a forged 0.40 per cent carbon steel in creep at 930 F and 
found the forged steel to be markedly superior. 

Enders (8) coarsened the grain of wrought carbon steels of 
0.21 and 0.37 per cent carbon by overheating and gave varied 
anneals to cast carbon steels of 0.17, 0.20, and 0.33 per cent 
carbon. The latter two were high in manganese. These were 
then tested at 930 F by the accelerated method of Pomp and 
Enders, in which the rate of extension at some stage in a test of 
only 50 or 100 hours is determined and the long-time properties 
guessed at from this early rate. Such methods of test reflect 
some mixture of the short-time behavior and the beginning of the 
settling down to the conditions of long-time loading, and hence 
their results are extremely difficult to evaluate. Conclusions 
drawn from such tests alone are of very doubtful validity, but 
foreign literature is still full of them, and the conclusions become 
passed on and quoted as facts without qualification. 

Enders concluded that the coarsened structure of the wrought 
steels and the as-cast, or the very coarse structure of the castings 
annealed so as intentionally to retain a relatively coarse struc- 
ture, had greater resistance to creep at 930 F than the finer 
structure, although the short-time tensile values at 930 deg were 
but slightly affected. 

White, Clark, and Wilson (9), studying the creep of wrought 
low-alloy steels in coarse- and fine-grained condition concluded 
that: “Coarse-grained steels are not enough stronger than the 
fine-grained steels in the important range of industrial tempera- 
tures to urge a preference for coarse-grained steels. In some 
respects the fine-grained steels have advantages over the coarse- 
grained steels.” 

In a report presented to this Society two years ago upon work 
sponsored at Battelle Memorial Institute by the Joint A.S.T.M.- 
A.S.M.E. Research Committee on Effect of Temperature on the 
Properties of Metals (10), it was brought out that, at tempera- 
tures at which the alloy is normally used for service requiring 
resistance to creep, cast and wrought 18 Cr 8 Ni steel of two carbon 
contents from two split heats failed to show any superiority in 
creep for the coarse-grained cast material. Indeed, the very 
coarse crystalline cast material tested was inferior on the whole. 

The suspicion arose from this work that there might be other 
cases in which the generalization was inaccurate and the superi- 
ority illusory, since the coarse-grained material might show its 
superiority only at such a high temperature that no good engineer- 
ing use could be made of it. If, through reasons of oxidation or 
corrosion, or through the absolute value of load-carrying ability’s 
being so low that another type of alloy would have to be chosen 
for the service, a comparative superiority appearing only at an 
unusably high temperature would be of academic but not of 
engineering interest. 

If it is conceded that at only slightly elevated temperature the 
fine-grained material is the better in creep, and at some extremely 
high temperature the reverse is true, the important question is: 
Just where do the curves cross and what are the temperature 
ranges in which either one shows measurable superiority? 
Another question is: How much of a major variable is grain size? 
That is, does it overbalance and swamp out other variables that 
may appear due to furnace practice, variations in heat-treatment, 
ete.? Clark (11), Kinzel (12), and Whitney (13) have each 
commented on extreme variations in behavior of carbon steels 
in creep, which they ascribe to factors other than grain size. 
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In view of the conflict of opinions and evidence, it appeared 
that it would be useful to examine plain carbon ferritic steels, 
cast and wrought, in somewhat the same manner that the austen- 
itic 18 Cr 8 Ni steels had been examined at the Battelle Memorial 
Institute. Engineering, as well as theoretical, problems were 
involved, since specification-making committees of engineering 
societies have been faced with the problem whether to lump cast 
and wrought materials for high-temperature service, or to dif- 
ferentiate between them and require different factors of safety. 
The question arose in regard to valves, in particular, and in view 
of the conflicting evidence the permitted design loads at permitted 
temperatures were set the same for both materials. However, 
additional information bearing on the justification or lack of it 
for this assumed equality on an engineering basis seemed de- 
sirable. Hence, it was decided not to use a split heat but to 
secure commercial material in the form of actual large valves or 
tees, matching the chemical composition as closely as possible, 
consistent with suitability for a casting or a forging, rather than 
to penalize either the forging or the casting by choosing a com- 
position or furnace practice suitable for one product but not 
necessarily acceptable to makers of the other. 

To obtain test material representative of carbon steels as used 
in actual service at elevated temperatures, arrangements were 
made with several well-known valve manufacturers to supply 
large valves of cast and forged carbon steel taken from their 
regular production of such parts. 


MATERIAL 


A standard 5-in. 600-lb carbon cast-steel flanged tee, desig- 
nated as C, was obtained from one manufacturer, and a standard 
5-in. 600-lb carbon cast-steel swing check valve, designated as 
SC, was obtained from another manufacturer. Complete data 
as to melting, casting, heat-treatment, and physical properties 
were furnished by each. 

Chemical analyses of the two cast steels are shown in Table 1. 


TABLE 1 CHEMICAL COMPOSITION OF THE CAST AND 


FORGED CARBON STEELS 


-——Cast steel-—-— -— Forged steel —~ 
Ss F LFe 


Element Cc cs 

Carbon........ 0.350 0.340 0.370 0.270 
Manganese...... 0.630 0.810 0.610 0.630 
Phosphorus 0.012 0.026 0.016 0.013 
Sulphur....... 0.031 0.039 0.023 0.035 
Silicon... .. 0.340 0.500 0.240 0.180 
Chromium. 0.060 0.020 0.110 Nil 

Nickel...... 0.170 0.050 0.180 0.035 
Tungsten 0.000 Nil Nil Nil 

0.19 0.040 0.040 0.080 
Molybdenum........ 0.010 0.010 0.020 0.005 


Spheroidized. 
Low carbon. 


The analyses of the cast steels are quite similar. The slight 
differences in nickel, copper, and silicon are not considered as hav- 
ing much effect on the properties at elevated temperatures. 

With the chemical composition of the two cast carbon steels 
available, it was arranged with a manufacturer of forged carbon 
steel valves to furnish a standard 6-in. 600-lb forged tee of the 
same approximate chemical composition as the cast steel. Since 
this manufacturer usually supplies the standard 6-in. 600-lb 
forgings with a little lower carbon content than the content of 
0.35 per cent carbon used in the cast steels, it was arranged that 
there be furnished also a forging from the more usual composi- 
tion. The chemical compositions of the two forged steels are 
shown in Table 1. It will be noted that according to usual prac- 
tice the two forged steels show a lower silicon content and that 
the forging LF shows a slightly lower carbon content. Otherwise, 
the compositions of the four steels are quite similar. 

For identification purposes one cast steel has been designated 
as C, and the other cast steel designated as SC because metal- 
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(Steel designated as C. Chemical composition given in Table 1 


Fig. 2.0 Cast-STEEL VALVE Bopy 
Spheroidized steel designated as SC. Chemical composition given in 
Table 1.) 


lographie examination indicated it had been heat-treated to 
produce a spheroidized structure. ‘The forged steel with similar 
carbon content to the east steels has been designated as F, and 
the forged steel with the lower carbon content as LF. 

The cast-steel tee C was poured from a 6-ton basic¢ electrie- 
furnace heat, and the final deoxidation was done in the ladle with 
1 lb of aluminum per ton of steel. The casting was annealed 
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with many others. The total annealing cyele was 19 hours. A 
period of 3 hours was required to reach a temperature of 1400 F 
and an additional hour was used to reach 1600 F, after which the 
temperature was held 4 hours between 1600 and 1650 F. The 
castings were permitted to cool in the furnace to 700 F before 
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(Steels designated as F and LF, low-carbon. Chemical composition given in 


Table 1.) 
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being removed. Fig. 1 shows the cast teeC. The cast-steel valve 
body SC was poured at 2800 F. For heat-treatment the casting 
was heated 5 hours at 1740 F and allowed to cool slowly in the 
furnace, then reheated to 1440 F for two hours and cooled slowly 
in the furnace. Fig. 2 shows the cast-steel valve body SC. 
It was understood that these heat-treatments are standard 
practice with the two manufacturers. 

The forged steel F was obtained from a heat the melting data 
of which were supplied as follows: Type and size of furnace, 
75-ton basic open-hearth. (2) Deoxidation, 1500 lb Spiegeleisen, 
800 lb of 10 per cent silicon pig, 75 lb aluminum, size of melt 
187,800 lb. (3) Pouring temperature, normal. (4) Size of 
ingot, 22'/, in. square; Gathmann big-end-up, hot-top mold; 
(5) Recarbonization of melt, none. (6) Reheating and reduc- 
tion of ingots, ingots not allowed to go cold. Charge placed in 
soaking pits for 4 hours at a temperature between 1600 F and 
1900 F and then rolled at about 2100 F. 

The finished forging was made from a billet about 13 in. square 
and 25 in. long. Forging was done in three operations, with 
initial break-down forging temperatures of about 2350 F, drop- 
ping to final temperatures of about 2000 F except in the final 
operation where all forging was carried out at 2200 F or higher. 

The forged steel LF was obtained from a heat the melting 
data of which were supplied as follows: (1) Deoxidized with 
ferro silicon and silicon pig in the furnace. No ferro silicon was 
added in the ladle. Aluminum was added in the ladle at about 
0.45 Ib per ton. Size of melt about 100 tons. (2) Estimated 
pouring temperature: 2800-3000 F. (3) Heat about 12 hours. 
(4) Size of ingot: 22'/, in. X 22'/2.in. X 72in. Gathmann big- 
end-up, hot-top mold. (5) Recarbonization of heat: none. (6) 
Forging temperatures used were slightly lower than for the forged 
steel F with 0.37 per cent carbon. 

For heat-treatment the forgings were heated to 1550 F for 
4//, hours and cooled in air. It is understood that the forgings 
supplied were taken from a number run through under this 
manufacturer’s normal production procedure. Fig. 3 shows the 
type of forging supplied and designated as F and LF. 

Fig. 4 shows the structure found in the flanges of the four 
materials used in the investigation as developed by deep etching. 
The sections shown were cut parallel to the radius of the flanges. 
Structures in steels C and SC are typical of castings. The flow 
lines observed in the forgings F and LF radiate from the base of 
the flanges. 

Figs. 5, 6, 7, and 8 show the structures of the materials under 
test at a magnification of 100X. Fig. 5 shows the structure oi 
cast steel C with large pearlite patches. Fig. 6 shows the struc- 
ture of cast steel SC in which no pearlite patches are visible; 
instead the carbides are almost completely spheroidized. Fig. 7 
shows the structure of the forging F. Smaller and more evenly 
distributed pearlite patches are noted when compared with cast 
stee] C shown in Fig. 5. Fig. 8 shows the structure of the lower- 
carbon forging LF, in which a smaller number of well-distributed 
pearlite areas are noted. The two forged steels possess the 
smaller grain size and more uniform distribution of pearlite areas 
as compared with the cast steels. 

Bars for preparation of test specimens were cut from end flanges 
and also from the bodies of the four valve bodies or tees. Every 
bar was subjected to X-ray examination to determine its sound- 
ness. Some slight flaws were located in bars cut from the cast 
steels. In the tests herein reported, such bars were discarded, 
and only those indicated sound by X-ray examination were used. 
No indications of lack of soundness were found in the bars cut 
from the forged steels. 


Test SPECIMENS AND TEsT METHODS 


Because of the marked effect of small errors, especially in 
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Fig. 6 Cast Steet SC as Hear- 
TREATED AND Etcuep WITH 
2 Per Cent Nitat—-100X 


Fic. 5 Cast Steet C as HeEat- 
TREATED AND EtcHep WITH 
2 Per Cent 


8_Foreep Steet LF as Heat 
TREATED AND EtrcHep WITH 
2 Per Cent Nitat—100 X 


Fic. 7 ForGep STeet F as Heat- 
TREATED AND EtcHep WITH 
2 Per Cent Nitat-100X 


variation of temperature from that intended, upon test results 
in high-temperature work, it is necessary that the methods used 
be stated in some detail. 

Short-Time Tension Tests. The 0.505-in. diameter test speci- 
men shown in Fig. 9 was used in the room-temperature tension 
tests. The yield point was determined by the drop of the beam. 

For the short-time tension tests at elevated temperatures, the 
same type of test specimen was used in a set-up diagrammatically 
shown in Fig. 10. Two bars of each material were tested at 
each temperature; one cut from a flange and the other from the 
body of the valve or tee. An Amsler hydraulic testing machine 
of 72,000-lb capacity was used. The pulling adapters were 
fitted with spherical seats to assist in obtaining axial loading. 
A temperature survey of the furnace according to the methods 


| 
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TABLE 2. TEMPERATURE SURVEY OF SHORT-TIME TENSION-TEST FURNACE? _ various creep-test furnaces are not shown, but 


Nominal Top end Top-gage length Center-gage length Bottom-gage length Bottom 
ey ee the gage length did not exceed 5 F (2.6 C), and 


test tem- beyond Inside Outside Inside Outside Inside 


perature fillet T Ti To Ci Co Bi 
750 F 749 F 752 F 749 F 748 F 748 F 759 F 
399 C 398 C 400 C 398 C 398 C 398 C 399 C 
850 F 848 F 851 F 848 F 849 F 849 F 852 F 
454 C 453 C 455 C 453 C 454C 454 C 456 C 
950 F 942 F 950 F 946 F 951 F 949 F 949 F 
510 C 506 C 510 C 508 C 511 C 509 C 509 C 


a Position of thermocouples is indicated in Fig. 9. 


recommended by the A.S.T.M. (14) is shown in Table 2. The 
thermocouples on the surface of the gage length were attached 
by spot welding. 

During actual tests two thermocouples are used. The thermo- 
couple in the bottom end beyond the fillet B measures the speci- 
men temperature, and the top couple beyond the fillet 7’ is con- 
nected to a Wilson-Maeulen automatic temperature controller. 

Stress-strain curves for determination of the yield strengths 
were obtained by frames fastened to the adapters and fitted with 
two Ames dials reading to 0.0001 in. The loading was continu- 
ous, and readings of the dials were made simultaneously by two 
observers. After the vield point was passed, the dials were 
removed and the speed of the head regulated as nearly as possible 
to 0.25 in. per min up to the ultimate strength. 

The yield strengths were obtained from the stress-strain curves 
as the stresses at which the materials exhibited 0.1 and 0.2 per 
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Fig. 9 CALIBRATION AND TEesT SPECIMENS USED IN THE SHORT- 
Time TENSION Tests AND LonG-T1IME CREEP TESTS 
(Note platinum strips used for measuring deformation in the creep test.) 


cent permanent set according to the Standard Methods of Ten- 
sion Testing of Metallic Materials (E8-33) (15). 

Creep Tests. The creep-test apparatus used is similar to that 
used by Kanter and Spring (6). Details of the creep-test 
equipment and a discussion of procedure and precautions taken 
for accuracy in creep work at Battelle Memorial Institute have 
been discussed elsewhere (16). 

Throughout the series of creep tests herein reported the re- 
quirements of the Tentative Method of Test for Long-Time 
(Creep) High-Temperature Tension Tests of Metallic Ma- 
terials (E22-33T) (17) have been met or exceeded. 

The individual temperature-uniformity calibrations of the 


in every case the variation of temperature over 


in many instances was considerably less. 

The telescope micrometer used to measure 
the elongations was mounted in a slide travel- 
ing on a graduated screw and was fitted with a 
filar micrometer eye-piece. Calibration shows its 
smallest division to read to 0.0000505 in., which 
on a specimen with approximately a 2.3-in. gage length gives 
readings to about 0.000022 in. per in., or 0.0022 per cent. 

Readings of deformation were taken on opposite sides of the 
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OETAIL OF FRAMES 
Showing of ettecning frames to 
upper end lower edapters for strain 
mreasurements 


Fie. 10 DrtacramMmatic Set-Up For THE SHORT-TIME TENSION 
Tests aT ELEVATED TEMPERATURES 


test specimen. The data in this report show the time-deforma- 
tion curves for the front and back of each test specimen. 

After a brief initial period the rates of elongation become 
practically the same for both sides and the time-deformation 
curves parallel. After loading and throughout the test period, 
readings of elongation were made daily by two observers, and 
the time-deformation curves shown represent averages of the 
curves of the two observers. Either curve alone follows the 
average curve too closely to allow reproduction of the separate 
curves. 

In the creep tests, specimens taken only from the flanges were 
tested. 

Impact Tests. The impact tests were made on an Amsler 
combination Izod and Charpy impact-testing machine. 

At room temperature standard Charpy keyhole-notch impact- 
test specimens 0.394 in. square were used. Round Izod (0.45 
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TABLE 3) PHYSICAL PROPERTIES OF THE MATERIALS DETERMINED AT ROOM TEMPERATURE 
Yield Tensile Elongation Reduction Brinell Rockwell Charpy impact resistance,’ Izod impact resistance, © 
point, strength, in 2in., of area, Bend, hardness B t-lb t-lb 
Material Ibpersgin. Ibpersqin. percent — per cent deg number hardness“ Flange Body Flange Body 
Cc 44700 78300 25.5 38.8 180 155 79 16, 14, 13 18, 15, 13 26, 26, 22 24, 21, 23 
SC 45300 78200 27.8 43.1 90 149 76 19, 22, 15 13, 16, 18 23, 25, 26 23, 22, 2 
F 45950 80000 28.2 39.0 163 85 22, 10, 22 24, 19, 23 27, 32, 32 37, 34, 35 
37050 67550 32.0 §2.2 131 72 26, 23, 36 30, 26, 30 41, 55, 50 52, 44, 48 


LF 


* Load of 100 kg on a '/j6-in. ball. 
6 Keyhole notch. 
© Round (0.45 in. diameter) V-notch. 


in. diameter—-V-notch) impact test specimens (18) were also 
used at room temperatures for purposes of comparison with 
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aT Room TEMPERATURE, 750, 850, AND 950 F ror Cast AND FORGED 
CARBON STEELS 

cast steel 0.35 per cent C; SC = spheroidized cast steel 0.34 per cent 

forged steel 0.37 per cent C; LF = low-carbon forged steel 0.27 
per cent C.) 


(C 
C; 


Tresr Dara 
The tension- and 
impact-test data obtained at room temperature for the four steels 
are shown in Table 3. The tension-test data on the cast steels 
C and SC were supplied by the manufacturers. 

The values shown are averages for two bars tested. 

The three steels with the higher earbon content C, SC, and F 
show tensile properties and ductility values quite similar to each 
other. Steel LF (lower carbon forging) shows a somewhat lower 
tensile strength and vield point and slightly higher values for 
elongation and reduction of area. 

The tension-test data at 750, 850, and 950 F for the four steels 
are shown in Table 4, and the tension-test data for both room 
temperature and elevated temperatures are summarized in Fig 
it. 

The data for tensile and yield strengths for 0.1 


Short-Time Tension Tests and Impact Tests. 


and 0.2 per cent 
permanent set place the four steels in the same relative position. 
The forged steel F shows the best properties at the elevated 
temperatures, with the cast steel C next best, and with little 
difference between the cast steel SC and the low-carbon forged 
steel LF. 

The data for elongation and reduction of area show the best 
TABLE 5 CHARPY IMPACT RESISTANCE OF THE MATERIALS 

AT ROOM TEMPERATURE, 750, 850, AND 950 F 


Resistance at Resistance at Resistance at Resistance at 


Steel 75 F, ft-lb 750 F, ft-lb 850 F, ft-lb 950 F, ft-lb 
Cc 16, 14, 13 12, 33 az, 28, 32 2, 210, 12 
similar tests on specimens cut from the gage length of the creep- 19 20, 11, +4 
test specimens after removal from the creep-test equipment. LF 26, 23° 36 22" 21° 21 17, 18, 19 16) 16, 17 
properties for the two forged steels. About 
Test Yield Yield Tensile Elongation Reduction equal values are shown at 950 F by the spher- 
tempera- _ strength, strength, strength, in 2 in., of area, oidized cast stee! SC. The lowest ductilitv values 
Steel ture, lb per sq lb per aqin.® lb persqin. per cent per cent 
C (flange) 750 23100 25400 66600 26.0 30.8 are shown by the cast steel C. 
tbody) 750 Impact-test specimens were taken from both 
SC (flange) 750 21300 23100 63200 38 0 51.1 the flanges and the bodies of the valve bodies 
or tees for the tests at room temperature. For 
(flange) 46.9 tests at the elevated temperatures, specimens 
( ) é 2 72 
Average 24000 7200 69700 35.0 59.8 were taken only from the flanges. 
Average temperature, 750, 850, and 950 F given in Table 
C (bods) 850 21100 23100 53800 12.5 18.1 5 show the best resistance for the two forged 
SC 850 19700 31200 50000 41.0 5 0 steels. The spheroidized east steel SC) shows 
yd (body) slightly lower impact resistance except at 950 F 
F (flange) 850 23900 26800 59800 48.0 76.4 where the value is about equal to that for the 
LF (flange) 850 20900 23000 53950 31.0 58.1 shown by the cast steel C. 
LF (body) 850 20700 22700 53000 38.0 67.9 iia : 
Average 20800 22850 53470 34.5 63.0 rhe reduction of impact resistance at the higher 
= temperatures was not large. ‘The values at room 
sc (bods). 950 19000 20400 42 45.0 72.3 14 to 24 ft-lb and at 950 F from 11 to 16 ft-lb. 
Average 18900 20400 41650 47.5 68.9 
F (flange) 950 21600 24100 48600 42.0 75.5 . ae 
F (body) 950 21800 24100 48700 50.0 79.3 RESULTS OF THE CREEP TESTS 
Average 21700 24100 48650 46.0 77.4 : 
vue wt 18850 20700 42850 40.5 65.4 tests at 750, 850, and 950 F are shown in Figs. 


@ Stress to produce permanent set of 0.1 per cent. 
6 Stress to produce permanent set of 0.2 per cent. 


12, 13, and 14. The details of all the creep tests 
are shown in Table 6. 
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Fig. 12) Time - DEFORMATION 

Curves avT 750 F anp 19,000 

Lp PER Sq IN. FoR CAST AND 
ForGED CARBON STEELS 


( = cast steel 0.35 per cent C; SC 

= spheroidized cast steel 0.34 per 

cent C; F = forged steel 0.37 per 

cent C; LF = low-carbon forged 
steel 0.27 per cent C.) 


Fie. 13. Time - DEFORMATION 

Curves aT 850 F anv 12,000 

LB PER SQ IN. FOR CAST AND 
ForGED CARBON STEELS 


( = cast steel 0.35 per cent C; SC 

= spheroidized cast steel 0.34 per 

cent C; F = forged seeel 0.37 per 

cent C; LF = low-carbon forged 
steel 0.27 per cent C.) 


Fic. 14 Time - DerorRMATION 

Curves aT 950 F 5000 

LB per SQ IN. FoR CasT AND 
ForGep CARBON STEELS 


(C = cast steel 0.35 per cent C; SC 

= spheroidized cast steel 0.34 per 

cent C; F = forged steel 0.37 per 

cent C; LF = low-carbon forged 
steel 0.27 per cent C.) 
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TABLE 6 CREEP-TEST DATA FOR CAST AND FORGED CARBON STEELS FROM LARGE VALVES 


-————— At 1000 hours————~ -—-—-——At 1300 hours—-—- Total Izod Izod 
Temp. Initial elongation, Rate of | Total deformation, Rate of Totaldeformation, deformation impact impact 
of Load, Duration per cent deformation, per cent deformation per cent in 1 resistance resistance 
Specimen test, lb per of test, ———-~———~ per cent per cent hours, before after 
number F sq in. hr Front Back per hour Front Back per hour Front Back per cent creep test creep test 
C-F4 750 19000 1293 0.087 0.139 0.000130 0.414 0.466 0.000130 0.422 0.475 1.616 26, 26, 22 23, 2 
SC-F8 750 19000 810 0.120 0.141 0.0004332 0.7462 4.6255 23, 25, 26 21 
F-F3 750 19000 1436 0.123 0.108 0.000120 0.384 0.388 0.000100 0.410 0.420 1.4665 27, 32, 32 31, 32 
LF-F3 750 19000 000 0.141 0.193 0.000050 0.330 cer ney “rr 0.8156 41, 55, 50 32, 45 
C-F3A 850 12000 1315 0.065 0.046 0.000165 0.410 0.345 0.000130 0.450 0.385 1.548¢ 26, 26, 22 20, 2 
F-F7 850 12000 1315 0.060 0.060 0.000200 0.455 0.430 0.000200 0.510 0.492 2.241¢ 27, 32, 32 28, 31 
LF-F2 850 12000 1315 0.063 0.052 0.000020 0.125 0.165 0.000020 0.137 0.172 0.328¢ 41, 55, 50 36, 39 
C-F3B 950 5000 1316 0.041 0.024 0.000085 0.225 0.191 0.000075 0.246 0.212 0.8815¢ 26, » 22 23, 24 
SC-F5 950 5000 1316 0.017 0.041 0.000150 0.235 0.285 0.000110 0.265 0.320 1.2490¢ 23, 25, 26 23, 20 
F-F2 950 5000 1485 0.047 0.017 0.000140 0.258 0.202 0.000160 0.305 0.250 1.6700¢ 27, 32, 32 29, 31 
LF-F1 950 5000 1286 0.044 0.011 0.000070 0.125 0.105 0.000070 = 0.130 0.150 0.7490¢ 41, 55, 50 7, 50 


@ At 810 hours (discontinued). 
6 Computed from data at 1000 hours. 
e Computed from data at 1300 hours. 


To facilitate comparisons between the different steels, tests 
at each of the test temperatures were conducted at one load only, 
chosen to produce a rate of about 0.0001 per cent per hour at 
1000 to 1500 hours. 

At 750 F the load was 19,000 lb persqin.; at 850 F, 12,000 lb 
per sq in.; and at 950 F, 5000 lb per sq in. Steel SC was not 
tested at 850 F. Most of the tests were run 1300 to 1500 hours 
except for steel SC at 750 F, which showed a fast rate of deforma- 
tion and was discontinued after 810 hours and steel LF at 
750 F, which at the time had run only 880 hours. Therefore, 
at 750 F the four steels have been compared at both 1000 and 
1300 hours. 

In Table 6 are shown the rates of deformation for the various 
steels at 750 F and also their total deformation in 10,000 hours 
computed by extrapolation of the time-deformation curves to 
10,000 hours at the final rate of deformation shown. 

At 750 F the best creep resistance is shown by steel LF (low- 
carbon forging), although this steel shows a greater initial def- 
ormation upon application of the load. It will be recalled that 
steel LF showed the lowest yield strength at 750 F as shown in 
Fig.‘11. Steel F (forging) shows the next best creep resistance 
with cast steel C close behind. The poorest creep resistance is 
shown by the spheroidized cast steel SC. In the tests at 850 F, 
curves for which are shown in Fig. 13 note how quickly the forged 
steel LF strain-hardens with the consequent rapid decrease in 
rate of deformation. At 850 F the best creep resistance is again 
shown by steel LF, with the cast steel C next, and with the forged 
steel F last. Their initial deformations upon loading are very 
similar. Note in Table 6 the rates of deformation and estimated 
total deformations in 10,000 hours for the different steels. 

At 950 F the low-carbon forging LF shows the best creep 
resistance with the cast steel C almost equal to it. Cast steel 
SC shows the next best creep properties, and forged steel F the 
poorest creep properties. As at 850 F there is very little dif- 
ference between their initial deformations. 


TABLE 7 STEELS LISTED IN THE ORDER OF THEIR CREEP 


RESISTANCE 
750 F 50 F, 950 F, 
Creep 19000 Ib 12000 Ib 5000 | 
resistance per sq in per sq in per sq in 
1 Greatest LF¢ LF LF 
2 Fob 
3 ce F sc 
4 Least SCa F 


* Low-carbon forged steel. 
+ Forged steel. 

© Cast steel. 

4 Spheroidized cast steel. 


To summarize the results of the creep tests, the steels are 
listed in Table 7 in their order of creep resistance at the various 
test temperatures. 

It will be seen that the low-carbon forging LF heads the list 
at all of the test temperatures. The high-carbon forging F, 


which was above the cast steels at 750 F, ranks below the cast 
steel C at 850 F and below both cast steels at 950 F. 


PuysicaL PRoPpERTIES AFTER CREEP TEST 


Impact. After creep test two round Izod impact-test speci- 
mens were machined from the reduced section of each creep-test 
specimen. After taking a disk 0.3 in. thick from the center of 
the reduced section to provide material for metallographic ex- 
amination, the impact specimens were taken so that the notches 
were located in the gage length at a distance of about !/, in. 
from the end of the reduced section. The end gripped in the 
anvil of the impact machine had to be shorter than standard, 
but tests have given comparative results on specimens of short 
and standard lengths. 

In Table 6 are shown the results of the Izod impact tests on 
the four steels as heat-treated and before test and also on the 
specimens cut from the reduced section of the creep-test speci- 
mens. The data indicate little or no change in impact resistance 
to have resulted from the long-time exposure to the various 
temperatures at the various loads used. 

Figs. 15, 16, 17, and 18 show the structures of the four steels 
after removal from the creep tests conducted at the highest test 
temperature of 950 F. As compared with the structures shown 
in Figs. 5, 6, 7, and 8 for the steels as heat-treated there are no 
noticeable differences. 


GENERAL DISCUSSION OF THE TEST Data 

Considering the ever-present hope of a short-time creep test 
or a correlation of short-time tests of some sort with expensive 
long-time creep tests, it is of interest to compare the results of 
the short-time tension tests and the creep tests at 750, 850, and 
950 F. 

Short-time tension-test data on the four steels do not show the 
relative rating found in the creep tests. High-carbon forged 
steel F, which showed the highest tensile strength and yield 
strengths along with high ductility values, showed the lowest 
creep resistance at both 850 and 950 F. Low-carbon forged 
steel LF showed properties between those of the two cast steels, 
yet it showed the highest creep resistance at all test temperatures. 

Considering the chemical compositions of the steels and their 
structures as shown in Figs. 5, 6, 7, and 8, these results require 
further comment. 

The low creep resistance of the cast steel SC at 750 and 850 F 
was not unexpected, since it has been stated by Tapsell (3) p. 
192, that a spheroidized structure does not possess the strength 
and creep resistance of a structure containing pearlite. The 


creep resistance of this steel SC as compared with forged steel F 
at 950 F is interesting and unexplained by any of the experimental! 
work. 

It is recognized generally that, all other variables being equal, 
increase of carbon content increases tensile properties and creep 
However, Clark (11) has previously 


resistance of carbon steels. 
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Fig. 15 
MEN C-F3B AFTER CREEP Test 
at 950 F at A Loap or 5000 LB 


Cast STEEL Spect- 


PER Sq In. FOR 1316 Hours. 
SPECIMEN EtcHep WitH 2 PER 
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Fic. 16 Cast Steet SC. Speci- 
MEN SC-F5 Arrer CREEP TEST 
AT 950 F at A Loapb or 5000 LB 
Per Sq In. For 1316 Hours. 
SpECIMEN EtrcHep WITH 2 PER 
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Fic. 17 ForGepStTeet F. Spect- 
MEN F-F2 CREEP TEST 
aT 950 F at Loap or 5000 LB 
PER Sq In. FoR 1485 Howrs. 
SPeEcIMENS ErcHep WITH 2 PER 
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Fic. 18 ForGep Steet LF. 
SpecIMEN LF-F1 Arrer CREEP 
Test at 950 F at a Loap oF 
5000 LB pEeR Sq IN. FoR 1286 
Howrs. SpeciImEN EtcHep WITH 


Cent Nitat-100X Nitrat-100X Cent Nitat-100X 2 Per Cent Nitat—100 X 


pointed out that the melting practice used may have an important 
effect on the properties of carbon steels in creep tests. He 
showed better creep resistance for a 0.13 per cent carbon steel 
made by alloy-steel practice than for a 0.18 per cent carbon steel 
made by usual commercial practice. 

The manufacturer of the two forged-steel tees obtained the 
forging billets from the same steel producer. Data as to the 
melting practice for the two forged steels have been given pre- 
viously. 

In an effort to show any possible differences between the four 
steels, the MeQuaid-Ehn carburizing test was used to develop 
the normality and inherent grain size of the materials. A dif- 


Fig. 20 Structure or Cast Street SC as CARBURIZED; ETCHED 

Wits 5 Per Cent Picric Actp In ALCOHOL 
(Left: Case of specimen-100X. Right: Case of specimen—500 x .) 
ference between the steels not indicated by their structures as 
heat-treated was immediately evident. Figs. 19, 20, 21, and 
22 at a magnification of 100 show the core and case of the four 
steels after carburizing 10 hours at 1725 F and cooled in the pot 
in the furnace. 

Fig. 19 shows the case and core of the cast steel C. The struc- 
ture was fine-grained and normal. As in Fig. 5, the core showed 
a banded structure and a nonuniform grain size with many small 
grains intermingled with larger grains. 

Fig. 20 shows the case of cast steel SC at magnifications of 
both 100X and 500X. The core was similar to cast steel C and 
is not shown. The steel was slightly abnormal. 


Fic. 19 Structure or Cast Steet C as Carsurizep—100X: 
Ercuep Wits 5 Per Cent Picric Actp ALCOHOL 


(Left: Case of specimen. Right: Core of specimen.) 
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Figs. 21 and 22 show the case and core of the two forged steels. 
Both are normal, but the low-carbon forged steel LF shows a 
very coarse grain, while steel F shows a fine grain very similar to 
cast steels C and SC. 

These data indicate a very definite difference between the 
materials. Steel LF with the coarse grain as indicated by the 
MeQuaid-Ehn test shows the best creep properties. It should 
be noted that the structures of the steels as heat-treated do not 
indicate this difference and provide no clear-cut evidence of the 
superiority in creep resistance of the low-carbon forged steel LF 
which showed a coarse grain after the carburizing tests. It is 
not suggested here that a coarse-grained and normal steel as 
determined by the carburizing test will show superior creep 
resistance. Rather, the MeQuaid-Ehn test has been used as an 
indication that there are definite differences in the steels, possibly 


Fig. 21 SrrucTurE oF ForGED STEEL F as CARBURIZED; ETCHED 
5 Per Cent Picric Acip ALcoHoL—100 
(Left: Case of specimen. Right: Core of specimen.) 


due to melting practice and deoxidation, but not indicated by 
their structures of any of the physical properties determined at 
room temperature. 

It may be that the superiority of forged steel LF as compared 
with forged steel F is not due to the apparent slightly greater 
grain size shown in Figs. 7 and 8 as heat-treated. These data 
suggest the interesting possibility that if two forged steels of 
similar composition and properties in short-time tests had the 
same original grain size, but the carburizing test indicated a 
difference in their normality, a difference in creep resistance 
might be shown. 

Another interesting comparison is the fact that cast steel C 
and forged steel LF in the heat-treated condition show approxi- 
mately the same grain size, but the forged steel LF showed more 
even distribution of the pearlite patches. The better creep 
resistance of the more uniform forged steel LF agrees with the 
findings of Wyman (19), who states: ‘To have a material of 
high creep strength, it is essential to have a steel which is struc- 
turally uniform and free from banding or dendritic segregation.”’ 

It may be seen from the test data herein presented that no 
broad generalization can be made as to superiority for service 
at elevated temperatures for either forged or cast carbon steels 
in the form of valve bodies or tees. While it is true that the low- 
carbon forged steel LF showed the best creep properties over the 
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whole temperature range 750 to 950 F, the slightly better 
creep resistance of the cast steels as compared with the high- 
carbon forged steel F at 950 F and of cast steel C as compared 
with forged steel F at 850 F make incorrect any generalization 
in favor of either cast or forged carbon steels as a class for service 
at 750 to 950 F. 

The differences in creep properties between the four steels are 
really not large as shown in Table 6 except in the case of the large 
creep rate for the spheroidized cast steel SC at 750 F. Since 
their creep properties do not differ widely and are not consistently 
in favor of one type of material, no doubt other factors such as 
soundness, resistance to shock, tensile strength, yield strength, 
and ductility both at room and at elevated temperatures will 
enter into the choice of materials for each specific use. 

The conclusions of Tapsell (3) that generalizations as to a 
better relative position of either cast or wrought steel, and those 
of White, Clark, and Wilson (9) that generalizations as to virtue 
of coarse grain size, are unwarranted in the temperature range 
of commercial use, cited in the early part of this paper, seem to 
be borne out by these experiments. 


Fie. 22.) StrucTuRE OF FoRGED STEEL LF as CARBURIZED; ETCHED 
5 Per Cent Picric Actp tn ALCOHOL-100 X 
(Left: Case of specimen. Right: Core of specimen.) 


Only when we cease to make generalizations that do not hold 
consistently and search further into the factors that make one 
casting or one forging superior to another in high-temperature 
properties will we be on the road to lasting progress. 


SUMMARY 


1 ‘Tensile properties at room temperature for the three steels 
with approximately 0.35 per cent carbon were quite similar. 
Lower strength values and higher ductility values were shown by 
the forged steel with 0.27 per cent carbon. The forged steels 
showed slightly higher values than the cast steels. 

2 The forged steel F (0.37 per cent carbon) showed the best 
short-time tensile strength and ductility in tests at 750, 850, 
and 950 F. The other three steels showed comparable strengths, 
and the ductility of cast steel C (0.35 per cent carbon) was 
considerably lower than for the spheroidized cast steel SC (0.34 
per cent carbon) or forged steel LF (0.27 per cent carbon). 

.3. The two forged steels show the best Charpy impact re- 
sistance at room temperatures, 750, 850, and 950 F. Slightly 
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lower impact resistance is shown by the spheroidized cast steel 
SC except at 950 F. The lowest impact resistance is shown by 
cast steel C. The reduction of impact resistance at the higher 
temperature was not large. 

4 Forged steel LF (0.27 per cent carbon) showed the best 
creep resistance at temperatures of 750, 850, and 950 F. Forged 
steel F (0.37 per cent carbon) which was next best at 750 F was 
poorer in creep resistance to the two cast steels C (0.35 per 
cent carbon) and SC (0.34 per cent carbon) at 850 and 950 F. 
The spheroidized cast steel SC (0.34 per cent carbon) showed 
the poorest creep resistance at 750 F. 

5 MeQuaid-Ehn carburizing tests indicate definite differences 
between the four steels. 

6 There appears to be no correlation between the results of 
the short-time tension and long-time creep tests at 750, 850, 
and 950 F. 

7 Impact tests and metallographic examination of the steels 
after creep test indicate little or no change had taken place due 
to the long-time exposures at the creep-test temperatures. 

S No broad generalization as to superiority of cast versus 
wrought, or coarse-grained versus fine-grained steels as regards 
creep resistance is warranted by the test results. Other proper- 
ties such as soundness, strength, impact resistance, and ductility 
will undoubtedly enter into the choice of carbon steels for specific 
uses at the temperatures investigated. 
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Cooperative Study of a Stable 18 Cr 8 Ni 
Steel Without Stabilizing Additions 


T IS recognized that austenitic steel of the 18 per cent Cr, 
| 8 per cent Ni type is subject normally to a certain degree of 

alteration, that is, some diminution of its original toughness 
(evaluated by room-temperature impact tests) when heated for 
considerable periods in the range 1200-1400 F. Such heating is 
also known to sensitize the material and put it in a condition 
where intergranular corrosion may occur and seriously embrittle 
the material. It is not entirely certain whether the impact 
effect and the sensitivity to corrosion are manifestations of the 
same underlying phenomenon, usually considered to be a pre- 
cipitation of carbide at grain boundaries. 

The same remedies, holding the carbon low, or the introduc- 
tion of titanium, columbium, or some other éarbide-forming ele- 
ment to stabilize the carbide, are often resorted to for combating 
either type of alteration. 

In its study of the high-temperature properties of 18 Cr 8 Ni 
steel as an important and typical member of the family of 
austenitic steels, the Joint A.S.T.M.-A.S.M.E. Committee on 
Effect of Temperature on the Properties of Metals found that 
two heats of 18 Cr 8 Ni steel, water quenched from 2000 F, 
appeared exceptional in their resistance to high-temperature 
deterioration. 

This abnormal behavior was noted in the A.8.M.E. progress 
report? in December, 1933, in which, among various other high- 
temperature properties, a very high notched-bar impact resist- 
ance of rolled specimens was found to be maintained after the 
specimens had been subjected to creep tests at temperatures of 
1200 F to 1400 F for a period of 600 to 1600 hours. Even with 
a carbon content of 0.125 per cent, several specimens showed 
no loss of impact resistance, while the lower-carbon heat (0.06 
per cent C) fully retained its great toughness. 

Both these heats, made for the Committee by the Babcock & 
Wilcox Company were induction-furnace melts of straight 18 Cr 
8 Ni steel without the addition of any stabilizing element such 
as titanium or columbium. In the report? on that work, it 
was noted that E. C. Smith had reported 18 Cr 8 Ni steel melted 
in an induction furnace may show a much slower reduction in 
toughness than material melted in an are furnace. Other cases in 
the literature were cited where plain 18 Cr 8 Ni steel, or that 
with-certain additions, had shown vast differences in the ten- 
dency toward change in steels of apparently identical chemical 
composition. 

The experimental results raised the question whether the 
high impact resistance of specimens tested after creep indicated 
that the application of stress at high temperatures (or the tiny 


' Progress report of the A.S.T.M.-A.S.M.E. Joint Research Com- 
mittee on Effect of Temperature on the Properties of Metals, Herbert 
J. French, chairman. 

* “High-Temperature Tensile, Creep and Fatigue of Cast and 
Wrought High- and Low-Carbon 18 Cr 8 Ni Steel From Split Heats,” 
by H. C. Cross, Trans. A.S.M.E., vol. 56, no. 7, 1934, paper RP-56-6, 
pp. 533-554. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Committee 
on Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting of THe AMERICAN SocteTy OF MECHANICAL 
ENGINEERS, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1936, for publication at a later date. 

‘Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


deformation resulting from that stress) inhibited change, and a 
further study was made of that factor. This work was reported 
to the A.S.T.M. in June, 1935, and included not only the non- 
sensitive low carbon 18 Cr 8 Ni steel (committee designation 
K19) previously referred to, but also another heat of low-carbon 
18 Cr 8 Ni steel (committee designation K9). The K19 steel 
was heated at 1400 F without stress up to nearly 4000 hours. 
Its impact resistance fell to about 45 ft-lb Charpy, in the first 
100 hours and thereafter did not change. 

The K9 steel, water quenched from 2100 F, which previously* 
had been studied after heating unstressed for 1000 hours and 
which had fallen to about 40 ft-lb Charpy at 1400 F, was stressed 
for 100 hours at 1400 F at a load of 1600 lb per sq in. before 
making impact tests, but showed the same behavior as K19 
steel in that it still held its toughness after stressing. These 
observations led to the suggestion that alteration, measured by 
impact resistance, may go on at a slower rate in a stressed than 
in an unstressed specimen. 

It has previously been remarked? by some members of the 
Committee that thin specimens might be expected to be more 
susceptible to alteration than more massive ones, and hence, 
that before the K19 heats could be classed as alteration-resistant, 
they should be studied in thin sheet or strip form. The impact 
studies also indicated that such a study should deal with both 
stressed and unstressed specimens. This work has now been 
completed and is reported herein. 

The K19 material of both high-carbon and low-carbon contents 
was rolled by the Carpenter Steel Company from 1-in. round 
bars into strips 1 in. wide and 0.020 in. and 0.040 in. thick. 
The strips were cut into lengths of 7 in. and were assembled in 
packs of 20 in a erate or frame of heavy 18:8 stock welded 
together so as to hold the pack tightly and to minimize warping, 
this preparation being done by the Westinghouse Electric and 
Manufacturing Company. The packs were then water quenched 
from 2000 F at the Battelle Memorial Institute. The specimens, 
were then returned to Westinghouse Electric and Manufacturing 
Company and standard sheet specimens having a test section 
0.500 in. wide and 3 in. long were machined from them. 

The specimens to be stressed were assembled in sets of four 
on heat-resistant pins passing through holes in the grips and 
each set was dead-weight loaded to give a unit stress on the test 
section of each specimen of 10,400 lb per sq in. in an electric 
furnace operating at 1200 F for various periods. Unstressed 
specimens were also heated at 1200 F and 1400 F. This work 
was under the supervision of N. L. Mochel. 

The specimens were broken and examined by the Bethlehem 
Steel Company. Of course, no alteration of a type that would be 
revealed only by impact could be determined on such thin stock, 
but it was expected that any loss in toughness would be detect- 
able by loss in elongation when tested at room temperature after 


3“Effect of Long Time Heating With and Without Stress on 
Impact Resistance of 18 Per Cent Cr 8 Per Cent Ni Steel (K9 and 
K19 Steel),’’ by H. C. Cross and F. B. Dahle, Appendix 1 to Report 
of Joint A.S.T.M.-A.S.M.E. Committee on Effect of Temperature 
on the Properties of Metals, Proceedings, A.S.T.M., vol. 35, part 1, 
1935, pp. 126-132. 

4 “Cooperative Study of Charpy Notched-Bar Impact Tests, Mag- 
netic Permeability Tests, and Structural Stability in the Absence 
of Stress, of 18 Cr 8 Ni Stainless Steels,’’ Proceedings, A.S.T.M., vol. 
32, part 1, 1932, pp. 156-192. 
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TABLE 1 


Heating temp, 


PHYSICAL 


Hours heated 
As Not heated 
100 


Low-carbon (0.067 per cent) 


series, 0.020 in. thick 1290 100 
1400 100 

As Not heated 
Low-carbon series, 0040 in. 100 
1200 100 
1400 100 


As — Not heated 
100 


1300 100 
1400 100 


Not heated 


High-carbon (0.125 per cent) 
series, 0.020 in. thick 


\ 

J 
thick \ 
J 


, As quenched 
1200 


100 

12 100 

12 384 

1200 384 

1200 384 

1200 384 

High-carbon series, 0.040 in. 1200 384 
thick 1200 384 
1200 384 

1200 384 

1200 1008 

1200 1008 

1200 1008 

1200 1008 

1400 100 


@ Broke in grips. 
> Broke at deep center-punched gage mark. 


the sojourn at high temperature, and by a dead rather than by 
a ringing sound when the specimens were dropped on a cement 


floor. The results reported by P. E. McKinney of the Bethlehem 
Steel Company are given in Table 1. 

Mr. McKinney states that no appreciable loss of ductility nor 
impairment of physical properties was found regardless of the 
time or temperature of heating, or whether the specimen was 
stressed or not, and that he is at a loss to explain the behavior 
of the K19 material, especially of the high-carbon (0.125 per cent) 
heat as most of such material, heated within these sensitizing 
ranges, would be impaired. The specimens had a live ring 
when dropped on a cement floor. 

Therefore, it would appear that the K19 heats are extremely 
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THE kK19 STEELS 
Load, Tensile strength, Elongation in per cent in—— 
Ib per sq in. Ib per sq in. lin. 2 in. 3 in 
No load 94380 58 §2 50.0 
No load 97000 59 50 7.0 
10400 95380 46 3a 35.0 
No load 92380 54 46 43.5 
No load 93000 64 55 50.5 
No load 96890 41 37.5 36.5 
10400 94000 59 §2 47.5 
No load 93680 §2 51 45.5 
No load 90160 33¢ 334 33.02 
No load 97000 276 26.55 26.05 
10400 97390 51 49 45.5 
No load 90900 48 44 40.5 
No load 95500 66 55 51.5 
No load 95380 60 52 48.5 
10400 95380 54 18.5 44.5 
10400 102850 54 48 42.5 
10400 101500 55 44 37.5 
10400 100500 53 9 34.5 
10400 102300 55 3 37.5 
10400 102850 54 37.5 
10400 104250 56 50 45.5 
10400 1038780 54 47.5 42.5 
10400 102900 51 10 $4.5 
10400 101450 533 45.5 40.0 
10400 102400 52 43 38.0 
10400 102400 30.0 
10400 98600 43 45 38.5 
No load 97560 47 4.5 40.5 


resistant to’ deterioration when subjected to temperatures of 
1200 F or 1400 F for extended periods of time. Whether this 
remains true for shorter heating cycles is not yet known and it 
is believed that this point should be carefully verified before 
concluding that the K19 heats are outstanding in their behavior 

Future work should include a study of both impact and 
ductility, as well as corrodability after exposure to temperatures 
in the sensitizing range for various: periods of time. The Com- 
mittee hopes to be able to undertake this work and report on it 
hereafter. Such work should throw light on the question whether 


alteration without corrosion and sensitivity to corrosion are 
manifestations of the same phenomenon or of two separate phe- 
nomena. 
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Radiation Intensities and Heat 
Transfer by Radiation in 
Boiler Furnaces' 

ADDENDA? 

In the paper some assumptions were made to obtain Equa- 
tions [5] and [6] (the tentative heat-transfer equations) from 
the radiation-intensity equation. The resultant 

heat transfer leads to erroneous conclusions. 


Additional experiments have made possible the modification 
of the tentative equations. 


equation for 


In these experiments, the heat 
absorbed by radiation by a steel surface at various radiation in- 
tensities has been observed. (> number of tests 
with the steel surface partially covered with slag and ash. 


were made 


The calorimeter employed in these tests is shown in this ad- 
denda as Fig. 14. It consists of a hollow steel bloek S through 
which water circulates. The outer surface of this steel block has 
a thick layer of black oxide which was formed when the steel 
was maintained at a dull red heat for about 1 hour. This block 
is surrounded on all sides, exeept for the front surface, by a water- 
cooled jacket J whieh is insulated from the steel block with 85 
percent magnesia. 

Heat transfer by convection to the front surface of the steel 


1 Published as paper FSP-57-4, by Huber O. Croft and C. F. 
Schmarje, in the April, 1935, issue of the A.S.M.E. Transactions. 
* Presented by the authors as addenda to the paper.! 


_7AIR JETS 


ssion 


bloek was minimized by a shield of cold air produced by a series 
of air jets. These jets provided an outward flow of cold air 
which prevented the hot furnace gases from making contact 
with the surface tested. Since air is transparent to radiation, 
and the air shield was arranged to keep the absorbing surface 
free of hot gases, the heat absorbed by the steel surface was prac- 
tically all transmitted by radiation. 

Tests in the Boiler Furnace. The heat-transfer tests were made 
at observation door No. 2, the location of which is shown in Fig. 
6 of the paper. The probe was placed in the opening in the 
furnace wall so that its front surface was approximately in line 
with the inner surface of the furnace wall. Alternate readings, 
each about 3 minutes in duration, were taken through this door 
with the probe and with the quartz-window radiation calorimeter. 

A number of sets of observations were made with the clean 
oxidized steel surface. The data for these tests are given in 

In this tabulation X, is the measured 
heat-transfer rate by radiation to the steel surface of the probe, 
and J is the radiation intensity as determined with the quartz- 
window calorimeter. The average value of the ratio X,// 
for the six tests is 0.89. In other words, the radiation absorption 
coefficient for the clean oxidized steel surface is 0.89. 

A series of tests was also made with the steel surface partially 
covered with slag and ash. The ash formations were fastened 
to the steel surface by a layer of refractory cement about !/1. 
in. thick. In test No. D-1 a dense black slag about 0.5 in. 
thick covered nine-tenths of the surface. In the remaining 
tests, the ash coverings consisted of a porous material which had 


Table 5 in this addenda. 
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TABLE 5 TESTS WITH A CLEAN OXIDIZED STEEL SURFACE 


Test Nr I X,/I Test Xr Xr/I 
“on 34.35 36.1 435 45.3 
33.9 39.7 40.6 47.7 
32.7 39.8 42.7 
3: 379 887 38.4 46.7 
42.6 42.6 
C-2 60.6 66.1 39.4 53.6 
58.6 61.8 41.4 46.4 0.893 
53.3 
28.2 34.8 
3 5s 5 43.3 44.4 
49.9 47.0 36.1 36.9 
41.4 55.1 28.4 34.07 
39.4 56.6 34.06 38.35 0.888 
49.5 0.887 
45.6 51.4 
C-4 57.5 67.4 
42.0 58.1 
38.1 42.6 
36.1 38.8 
37.2 


43.4 48.8 0.889 


Xr = heat-absorption rate determined with the thermal probe, 1000 
Btu per sq ft per hr. 

I = radiation intensity determined with quartz-window calorimeter, 1000 
Btu per sq ft per hr. 


TABLE 6 TESTS WITH PARTIALLY DIRTY STEEL SURFACES 


Test D Xr Z Xr/T Test D Xr I Xr/I 
D-1 0.9 15.65 45.6 D-4 0.30 36.9 ae 

16.0 46.1 42.4 63.6 

16.1 48.9 37.9 

15.3 46.8 41.7 64.0 

15.47 46.85 0.330 40.0 63.8 0.626 
D-2 0.9 18.5 38.6 D-5 0.475 29.9 55.8 

18.3 27.1 56.3 

14.1 52.4 27.8 62.0 

15.0 eo 29.6 56.5 

14.0 46.5 28.9 66.4 

14.7 31.8 57.6 

15.77 46.17 0.341 29.18 59.0 0.494 
D-3 0.76 14.2 ce D-6 0.423 39.3 63.5 

15.0 51.5 40.4 59.0 

13.9 39 85 

162 505 39.85 61.25 0.651 

19.1 

16.3 48.6 

14.4 


15.46 50.95 0.304 


D_ = fraction of the surface covered with slag or ash 

Xr = heat-absorption rate determined with the thermal probe, 1000 Btu 
per sq ft per hr 

radiation intensity with the quartz-window calorimeter, 
1000 Btu per sq ft per hr 


~ 


been formed of particles of fly ash stuck together on cooled sur- 
faces in the furnace. The thicknesses of the ash coverings 
were °/, in. in test D-2, 1°/, in. in test D-3, 13/s in. in test D-4, 
13/, in. in test D-5, and 3/;, in. in test D-6. The data for these 
tests are given in Table 6. 

The ratio X,// is plotted against the dirtiness D in Fig. 15. 
These data may be represented by the straight-line equation 


[7] 


This ratio X,/J actually varies with the thickness of the slag 
or ash layer, but since this variation is apparently not very 
great, an average such as taken in Fig. 15 will serve for the pur- 
poses of this investigation. 

During the tests represented by Equation [7], the cooling- 
water temperature was about 70 F, while in the actual heating 
surfaces in the furnace the temperature was about 400 F. Mak- 
ing a correction for this difference in temperature on the basis of 
the Stefan-Boltzmann law, it is found that Equation [7] should 
be decreased by about 2 per cent, so that 


X,/I = 0.98 X 0.89 (1 — 0.8D) = 0.872 (1 — 0.8D) .. [8] 


Substituting in Equation [8] the value of J as given by the 
tentative Equation [3] there results 


(1 —0.8D) (0.5 + 1.7D) 


X, = 0.872 
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Radiation and Convection in a Clean Furnace. For the special 
ease in which the furnace is clean, that is D = 0, Equation [9] 
reduces to 

0.436 
1 + (AWC,/27) 


where ,X, is the heat-transfer rate by radiation in Btu per sq ft 
per hr to the cold surfaces in a clean furnace. 

However, the similar Hudson-Orrok formula, which gives the 
total heat transferred by radiation and convection is 
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Fic. 16 Rapiation AND TotaL Heat TRANSFER (Not CORRECTED) 


A comparison of Equations [10] and [11] shows that the heat 
transferred by radiation X, is 43.6 per cent of the total heat trans- 
ferred (radiation and convection) as computed from the Hudson- 
Orrok formula for these tests. This division of the total heat 
transfer between radiation and convection for D = 0 (clean 
furnace) is shown graphically in Fig. 16. 

To investigate the division of the total heat transfer between 
radiation and convection for dirty furnaces, it will be necessary 
to find how the total heat transferred to the cold surfaces in the 
furnace varies with the furnace dirtiness. 
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Effect of Dirtiness on Total Heat Transfer in the Furnace. 
A probable relationship between the total heat absorbed in the 
furnace and the dirtiness is shown by curve B in Fig. 16. — This 
curve expresses the commonly observed fact that as the water- 
wall tubes become dirty, less heat is absorbed by the cold surfaces 
in the furnace for a given energy-release rate. 

The effect of the decrease of total heat transferred in the 
furnace as the furnace becomes dirty is illustrated in a series of 
tests reported by DeBaufre.* These tests show that the effect of 
“considerable amounts of slag’’ is to reduce by about 20 per cent 
the total heat transferred to the cold surfaces in the furnace. 
For this condition, D was probably more than 0.4 and less than 
0.8. A reasonable value for D would be 0.6. Then for D = 0.6, 
the total heat transfer is 80 per cent as much as it is for the 
clean furnace with the same energy-release rate. 
tablishes the trend of curve B in Fig. 16. 

The corresponding dependence of the radiation upon the fur- 
nace dirtiness, as predicted by Equation [9], is shown by curve Y 
in Fig. 16. The factor in Equation [9] (the,radiation equation) 
involving the dirtiness is 


This es- 


Y = 0.872 (1 O.8D) (0.56 + 1.7D)..... {12] 
Modification of Radiation Equation. The need for some 
correction is indicated from a consideration of the relative 


magnitude of the rates of heat transfer by radiation and by 
convection in a dirty furnace. For instance, for D = 0.5, the 
half of the surface which is clean will absorb at least as much heat 
by convection as it does when all the surface is clean. Hence, the 
average heat-transfer rate by convection for D = 0.5 would be at 
least one half as much as it would be for D = 0 with the same 
energy-release rate. 
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Fic. 17 Comparison oF Heat TRANSFERRED BY RADIATION AND 


CONVECTION IN THE FURNACE 


But this is not the conclusion which would be drawn from an 
inspection of Fig. 16. The curves in Fig. 16 show the convection 
to be only 27 per cent as much at D = 0.5as at D = 0. 

Since the curves of Fig. 16 lead to incorrect conclusions, at 
least one of them is wrong. Curve B was drawn with little 
information, but if it were to be shifted upward far enough to 
correct this discrepancy at D = 0.5, the change would be such 
that there would be no significant decrease in the total heat 
transfer in the furnace as D increases. Hence, it is concluded 
that Y is the offending curve and should be modified to correct 
this apparent defect. 

Such a modification is shown in Fig. 17. 
Y from this graph is 


The resulting value of 


Y’ = 0.872 (1 —0.8D) (0.5 + 1.1D)........ [13] 


3“Heat Absorption in Water-Cooled Furnaces,” by W. L. De- 
Baufre, Trans. A.S.M.E., vol. 53, 1931, paper FSP-53-19a, p. 257 
(Manchester Tests). 
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This change from Y to Y’ has been accomplished by changing the 
radiation-intensity factor (0.5 + 1.7D) to (0.6 + 1.1D). This 
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Fig. 18 Comparison oF RapiaTION BaseD Upon THE MEASURED 
RADIATION INTENSITIES WITH THE HupsON-ORROK AND WOHLENBERG 
ForRMULAS 
(Data obtained from a clean furnace, D = 0.) 


change may be justified on the grounds that the estimates of 
the fraction dirty during the boiler tests could be in error. The 
indications are that these estimates were low. It is unlikely 
that the necessary change should be made in the factor (1 — 
0.8D) for the reason that when it was determined the dirty 
area of the thermal probe was measured, rather than estimated. 

When Y’ is substituted in Equation [9] in place of Y, the radia- 
tion equation becomes 


—0.8D 
X, = 0.872 
1+ (A VC,/27) 


This radiation equation has been set up from considerations of 
the variation of radiation and convection with the furnace dirti- 
ness at constant energy-release rate. The relative importance of 
the heat transfer by radiation and by convection probably varies 
with the energy-release rate in the furnace. But since the boiler 
tests of this investigation were made under regular operating 
conditions, the range of energy-release rates was not great enough 
to permit a prediction of its effect upon the relative heat transfer 
by radiation and by convection. 

Comparison of Modified Radiation Equation to the Hudson- 
Orrok Formula and to the Wohlenberg Formula. A graphical 
comparison of the results obtained by the use of the Hudson- 
Orrok formula and the Wohlenberg method with the results ob- 
tained by the modified radiation equation is shown in Fig. 18 for 
the clean furnace condition. 
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It is to be noted that the radiation predicted by means of the 
Wohlenberg method is greater than that computed from the 
measured radiation intensities. Also, the total of radiation 
and convection (Wohlenberg method) is considerably lower than 
the total indicated by the Hudson-Orrok formula. 

For one of the boiler tests (clean furnace) the radiation term 
in the Wohlenberg heat-balance equation has been made to agree 
with the measured radiation intensity. The result has been to 
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Fic. 19 Errect oF CORRECTION TO THE WOHLENBERG METHOD 
(Boiler test No. 17.) 


reduce the mean flame temperature from 2360 F to 2116 F, and 
thus to reduce the computed heat capacity of the gases leaving the 
furnace. To satisfy the heat-balance equation the convection 
term is increased. This change in the convection term which 
corresponds to the modification of the radiation term in the 
computations for boiler test No. 17 is shown in Fig. 19. 

For this test, when the radiation term was made to agree with 
the measured radiation intensities, the convection term was 
increased, with the result that the total radiation and convection 
as computed from the Wohlenberg method is seen to be in close 
agreement with the value computed by the Hudson-Orrok for- 
mula. 

Summary. In view of the additional data Equations [3], 
[4], and [5] (the tentative radiation equations) have been modi- 
fied. The modified equations are: 

Radiation intensity 


0.5 1.1D 
[15] 


=> 
1+ (A VC,/27) 


Rate of heat transfer by radiation 
0.872 (0.6 + 1.1D) (1 —0.8D) 
1+ (A VC,/27) 


DIscUSSION 


U.....{14] 


W. J. WoxHvenserG.‘ It has been assumed by the authors 
that radiation-intensity measurements by themselves, as taken at 
different points on the walls of the furnace, will yield sufficient 
data with which to determine the energy absorbed by the water 


4 Professor of Mechanical Engineering, Sheffield Scientific School, 
Yale University, New Haven, Conn. Mem. A.S.M.E. 
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and steam from the furnace cavity. Let us consider what 
actually oceurs at a square foot of cold surface covered by a 
dirty layer. In this case the specific rate of energy absorption 
at the surface is equal to the rate of thermal conduction through 
the dirty layer in front of the surface. The rate of thermal 
conduction through the surface is equal to the radiation intensity 
on the front side of the dirty laver minus the reradiation from 
the front of this layer to other parts of the furnace cavity. The 
authors of this paper have actually measured only one of the 
quantities involved, that is, the radiation intensity. They have 
then made a very rough estimate of the dirtiness condition of the 
surface, following which, on the basis of their assumption, they 
have applied the Hudson formula as adapted by Orrok for the 
purpose of arriving at the actual energy absorption. Thus, 
they have arrived at the relation between radiation intensity and 
the energy absorbed purely on the basis of an assumption, which 
may or may not be reasonably close to the truth. 

It appears to the writer, however, that before any such assump- 
tion could be made it would be necessary to calibrate the radix- 
tion calorimeter with respect to the furnace cavity rather than 
with respect to a special black-body absorber. In general, this 
could be done in one of two ways: (1) If, in conjunetion with the 
measurements of radiation intensity, the temperatures of the 
gases as they escape from the furnace cavity were ascertained by 
means of a suction thermocouple, then the actual heat ab- 
sorbed from the gases could have been determined by means of « 
heat balance. This could have been related to the radiation 
intensities as measured by means of the calorimeter; (2) if, 
in conjunction with measurements of radiation intensities by 
means of the calorimeter, it were possible to measure the actual 
energy as heat which was absorbed by the water and steam 
circulating through tubes at all furnace walls, the latter quantity 
could have been related directly to the values of radiation inten- 
sity. Of course, on the furnace in question this method could not 
have been employed because some and probably all of the tubes at 
the furnace walls were connected in the boiler cireulation and 
could not have been isolated without very great expense. Since 
this is the usual state of affairs in this respect, there are only a few 
boilers in the United States in which this method could be em- 
ployed. 

It may be said in general that the radiation-intensity method as 
used by the authors is not fundamentally new, as it has been used 
before under the name of thermal probe. This device usually 
consists of a flat-faced hollow steel block through which water is 
circulated. The heat absorbed by the circulating water is found 
by measuring its weight per unit time and its initial and final 
temperatures. The measurement is thus translated directly 
into Btu absorbed per unit of surface of the thermal probe. 
But this is exactly what the authors have done except that in 
the translation they have gone one step further, stating the re- 
sult as radiation intensity. 

Mullikin, in the course of his field work’ on measurements of 
heat absorption in furnace cavities, at one stage of the develop- 
ment of the experimental work, attempted to use the thermal 
probe. He found that he could place little reliance on the results 
because of the (1) limitation as to number and location of open- 
ings which may be made in the furnace wall, (2) difficulty of 
operating more than one thermal probe at the same time, (3) 
lag in responsivity during the time intervals during which the 
furnace conditions change, (4) impossibility of having the same 
amount of slag on the thermal probe as existed on the furnace 
tubes, and (5) possibility of considerable error due to peculiar 

5 Dissertation presented for degree of Ph.D., Department of 
Mechanical Engineering, Yale University, June, 1934, parts of which 


were presented at the Annual Meeting of the A.S.M.E., Dec., 2-6, 
1935. 
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local conditions. Mullikin, of course, was using this device in 
order to obtain auxiliary information in a test the main object 
of which was to measure the temperatures of the gases as they 
left the furnace cavity. The latter measurements were made 
by the suction-type thermocouple. In view of all of this it 
seems quite apparent that it may be necessary to have a ealibra- 
tion of the radiation calorimeter not only for each type of furnace 
in which it is used but possibly also with respect to the positions 
in which it is located in a particular type of furnace. 

For the reasons advanced in this discussion, the report «as it 
stands seems to be incomplete. If the authors could take the 
additional measurements suggested and then submit a report 
in which the radiation calorimeter has been calibrated for the 
furnace cavity, it would be more convincing. This means the 
measurement of the gas temperature as the gas escapes from the 
furnace cavity, preferably by suction-type thermocouples. 
After this is ‘done, the relationship between the heat-absorption 
and radiation-intensity measurements will be established for the 
particular furnace on which they are working. Thus, the eali- 
bration of the instruments with respect to the furnace would 
suffice even in this case to cover a wide range of operating condi- 
tions. It seems to the writer that the investigation must be 
made from this point of view before confidence ean be placed in 
the results of the method. 


Raupu A. SHERMAN.® ‘This paper presents the results of an 
obviously extended investigation that has required a great deal 
of painstaking work. Several questions as to the apparatus used 
and the conclusions reached occur to the writer. 

The radiation calorimeter used may have functioned very well, 
but one wonders why a thermopile was not used. The thermo- 
pile is much simpler, more portable, requires but one reading, the 
emf output, and attains its full output within a few seconds. If 
a thermopile had been used, a sylvite or rock-salt window, or 
no window, could have been used at the face of the absorber. 
This would have obviated what appears, at first glance, to be a 
fault with the authors’ apparatus, the use of a quartz window. 
Quartz is opaque beyond about 4u and a considerable part of the 
radiation must never have penetrated the window. As, however, 
the water was in contact with the window, its transparency was 
of little or no moment and served only as a thermal insulator 
between the absorption chamber and the front cooling ring. 
From this viewpoint it would appear that any glass would have 
served as well as fused quartz. 

The effective emissivity of the calorimeter is surprisingly low; 
as indicated by Equation [2] from Fig. 5, it is only 46.4 per cent. 
The quartz plate might have been expected to have had a higher 
emissivity; probably this is partly accounted for by the con- 
duction loss to the front cooling ring. The calibration curve is a 
good straight line over the range shown, but this is very short 
in terms of temperature of the radiating source. The range of 
35,000 to 60,000 Btu per sq ft per hr represents a range of only 
300 F, from 1650 to 1950 F. As Table 1 shows measured radia- 
tion intensities of 12,000 to 107,000 Btu per sq ft per hr, consider- 
able extrapolation must have been done. The propriety of this 
is questionable in view of the low effective emissivity over the 
range of calibration, as this may not have been constant beyond 
those limits. 

The authors have properly stressed the importance of the con- 
dition of the water-cooled surfaces in the furnace with regard to 
the amount of slag and ash accumulation, which is not considered 
in either the Wohlenberg or Hudson-Orrok formulas. They show 
clearly in Fig. 10 how the measured radiation intensity increases 


* Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. 


as the surfaces become dirty, but in the original paper in their 
extensions of these data in Equations [4], [5], and [6] to arrive at 
a modified Hudson-Orrok formula to include the effect of dirti- 
ness, the dirtiness factor D appeared in the numerator which 
meant that as the tubes became covered with slag the amount 
of heat that they absorbed increased. 

In the additional data given at the time of presentation of the 
paper? they have corrected this and show in Figs. 16 and 17 
that the total heat transfer in the furnace decreases as the ex- 
posed surfaces become dirty. The authors maintain, however, 
that the radiation attains a maximum with a dirtiness factor of 
0.4 to 0.5, which seems inconsistent to the writer. 

The results presented in the paper are valuable as they are the 
most comprehensive measurements of radiation in boiler fur- 
naces that have been presented to the Society. They show for 
the first time the effect of slagging of radiant surfaces and also 
indicate that the convection factor is more important than it has 
previously been considered to be. 


AurHors’ CLOSURE 

Prof. W. J. Wohlenberg’s discussion was written without per- 
sonal knowledge of the additional experimental work presented 
in the addenda. His criticism of the estimation of the actual 
radiation absorption was justified. However, the revised Equa- 
tion [14] is based upon actual measured absorption rates. The 
authors are not confident that greater accuracy can be obtained 
in the calibration of the instrument by calibrating it in the furnace 
by measuring the gas temperature at the furnace outlet and then 
computing the theoretical condition in the furnace as sug- 
gested by Professor Wohlenberg. The authors are of the opinion 
that it is only necessary to indicate that velocity, temperature, 
and gas analysis traverses at the furnace outlet are required for 
anecuracy by this method. The authors believe that the problem 
of furnace radiation will never be solved with scientific accuracy 
beeause of the multitude of experimental difficulties. Even if 
absolute results could be obtained accurately, could these results 
be applied with the same accuracy in a furnace where the tem- 
peratures and heat flows are continually changing? 

Experimental results from isolated tubes in a furnace are 
extremely valuable, but for the principal topic presented in this 
paper, the convection effects and the radiation effects would re- 
quire separation. The experimental evidence given in the paper 
would indicate that the net radiation absorbed as calculated by 
the Wohlenberg method is too large, while the convection com- 
ponent is too small as computed by the same method. 

R. A. Sherman justly criticizes the form of Equations [5] and 
[6] (the tentative equations for heat absorption), since these 
equations would indicate that the net heat absorbed by radia- 
tion by the waterwalls would increase indefinitely with dirtiness. 
These relations have been revised in the light of the additional 
experimental work noted in the addenda, resulting in Equation 
[14]. 

Mr. Sherman’s query as to why a calorimeter was used in- 
stead of a thermopile may be answered by the fact that originally 
it was believed the protective cooling of an instrument of the 
type used would be more satisfactory. 

Many steps were taken before the present instrument was 
finally developed. L. P. Meade? is primarily responsible for the 
design of the present instrument. A rock-salt window was used 
initially because of the high transparency. However, Meade 
found that due to deterioration of the surface of the rock-salt, 
protective coverings of a special transparent lacquer were re- 


? See authors’ addenda, which includes these additional data. 

8‘‘An Instrument for the Measurement of Radiant Energy in 
Boiler Furnaces,’’ by L. P. Meade, a thesis presented in partial 
requirement for the Master’s degree, University of Iowa. 
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quired. The final lacquered rock-salt window had a lower trans- 
mission than fused quartz and therefore the latter material was 
used because of its low coefficient of expansion. 

The instrument was calibrated® for intensities from 12,000 to 
50,000 Btu per sq ft per hr, although this is not indicated by the 
series of tests shown in Fig. 5 of the paper. The criticism of the 
low range of calibration is justified. Calibrations at higher 
intensities were not possible with the means at the author’s 
disposal. The error due to the absorption bands of the quartz 
has been mostly eliminated by ealibrating the instrument against 
a black-body absorber. 


The Loading and Friction of Thrust 
and Journal Bearings With 
Perfect Lubrication’ 


Ira A. Terry.? Mr. Howarth’s paper presents information 
and data in such a form that it will unquestionably prove very 
useful to designing engineers in readily applying it to bearing 
design. As suggested by the author in Appendix B, it is not 
generally practical to apply the optimum conditions of pressures 
and journal diameters to commercial machines. It is customary 
to use standard bearing sizes with standard clearances and suit- 
able manufacturing tolerances over quite a range of speeds and 
loadings in order to simplify as much as possible manufacturing 
operations. The wide range which must be covered by an indi- 
vidual bearing may not be conducive at all points to optimum 
conditions of lubrication. However, an understanding of the 
optimum conditions, together with the results it is possible to 
obtain, can be used very advantageously in laying out a line of 
bearings to fit fairly close to the most desirable dimensions, and 
further permits the careful study of special cases where lubrica- 
tion problems may be rather severe. 

The bearing losses in electrical machines are relatively unim- 
portant in so far as machine efficiencies are concerned because of 
their small magnitude in comparison with other losses. Conse- 
quently, the main purpose of having fairly accurate data on which 
to base loss calculations is associated primarily with methods of 
cooling or otherwise dissipating the loss without excessive tem- 
peratures. Several years ago a series of tests was made to de- 
termine the coefficient of friction for two types of thrust bearings 
up to 42 in. outside diameter and for journal bearings up to 
15 in. diameter. These tests involved pressures from 50 to 800 
lb per sq in. and velocities from 400 to 10,000 fpm. Oil having 
a Saybolt viscosity of 250 sec at 40 C was used in tests. The 
room temperature was maintained constant at 30 C. By this 
means the equivalent of expected operating conditions was du- 
plicated as close as possible, i.e., standard bearings may be applied 
throughout a very wide range of speeds and loads, and about the 
only constants involved are the kind of oil and the room tempera- 
ture, both of which are specified by operating instructions for 
electrical machines. Since operating temperatures vary greatly 
under such conditions, the actual viscosity of the oil in the oil 
film will also vary greatly. 

The test data were analyzed to obtain as simple an empirical 
formula as possible for calculating with a log-log slide rule the 
approximate bearing loss for both journal and thrust bearings. 
To allow for operating contingencies of lower room temperature, 


®**Radiation in Steam Boiler Furnaces,’’ by C. F. Schmarje, a 
thesis presented in partial requirement for an advanced degree, 
University of Iowa. 

1 Published as paper MSP-57-2, by H. A. S. Howarth, in the May, 
1935, issue of the A.S.M.E. Transactions. 

? Motor and Generator Engineering Department, General Electric 
Company, Schenectady, N. Y. 
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imperfect alignment, and finish imperfections, the formula was 
adjusted to give results 15 to 20 per cent higher. This formula is 
hp 
10,000 1000 


where A is the net area, sq in.; P is the pressure on the net area» 
lb per sq in.; N is the speed, rpm; and d is the average bearing 
diameter, in. 

An expression for the coefficient of friction will then be 


_ 0.05 
P%.6 1000 


These formulas, although not dimensionally correct, have been 
checked from time to time with test data on different types of 
thrust bearings and different proportions of journal bearings, in- 
cluding test data published in the technical press, arid have been 
found to agree fairly satisfactorily with observations even when 
extrapolated to larger sizes than were included in the originai 
tests. It is to be observed that the equations in respect to di- 
mensions are importantly different from those presented by Mr. 
Howarth. Based upon Mr. Howarth’s equation for coefficient of 
friction, the horsepower will vary as the 0.5 power of the pressure 
and as the 1.5 power of the average velocity, whereas in formula 
{1] of this discussion, the horsepower varies as the 0.4 power of the 
pressure and the 1.2 power of the average velocity. The length 
factor | does not appear in formula [1] of this discussion although 
the manner in which k varies with respect to / in Mr. Howarth’s 
formula for \ on page 178 is such that the two effects practically 
offset each other. 


TABLE 1 COMPARISON OF POWER LOSSES CALCULATED BY 
DIFFERENT FORMULAS 


—— Power loss, hp at 100 rpm———-----—~ 
From Howarth's From Terry's test 

Table 2 data and formula [1] 
0.0128 0.0162 
0.0220 0.0293 
0.0350 0.0477 
0.0522 0.0735 
0.0744 0.107 
0.118 0.177 
0.176 0.269 
0.344 0.55 

0.501 0.82 

0.944 1.60 

1.59 2.82 

2.49 4.54 

3.66 6.82 

5.17 9.9 

9.30 18.5 

15.2 31.0 
23.2 48.7 
39.7 87.0 


Obviously, formulas so widely different dimensionally cannot 
check over a range of sizes and speeds. Table 1 of this discus- 
sion compares the power losses at 100 rpm given by Mr. Howarth 
in his Table 2 with the corresponding point calculated from the 
writer’s test data by formula [i] of this discussion. In this 
comparison, it should be observed that an essential difference be- 
tween the bearing tested by the writer and the bearing described 
in Mr. Howarth’s Table 2, is that the ratio 1/b was much smaller 
for the tested bearing than it was for the bearing described in the 
author’s Table 2; therefore, the test results should be expected 
to be somewhat higher. At greater values of the pressure within 
the oil film P and the relative velocity of the bearing surfaces U, 
the agreement would be better, except for very high values, in 
which case formula [1] of this discussion would show lower results 
than those given by the author. 

In connection with the design of bearings and optimum con- 
ditions of lubrication, Mr. Howarth’s last sentence of the first 
paragraph under “Film Thickness,” page 183, is very pertinent. 
The third item of that sentence, relative to the possibility of the 
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oil film being required to pass foreign matter without serious in- 
jury to the bearing surfaces, in general dictates shorter bearing- 
segment lengths in a circumferential direction than may be de- 
sirable from a purely optimum condition of lubrication asso- 
ciated with a minimum oil-film thickness. From this standpoint, 
a bearing having a shorter length / seems to be the best choice of 
design since the length over which a foreign particle may be re- 
quired to travel between successive oil grooves is shorter and con- 
sequently injurious heating as a result of it is less liable to occur. 

In the second paragraph of Mr. Howarth’s paper under “The 
Loading and Friction of Journal Bearings,”’ page 176, the author 
discusses an assumption made by several investigators that the 
coefficient of viscosity » is assumed to have a constant mean 
value throughout the film. In attempting to determine what 
this mean viscosity might be, most investigators have taken an 
arithmetical mean between the inlet and outlet temperature. 
Observations which have been made on bearings having a sta- 
tionary plate made of glass may be of interest. Three types of 
bearings were tested: (1) pivoted shoe, (2) pafallel plate flexibly 
supported, and (3) taperland. All three of these bearings showed 
an inherent similar characteristic that each oil groove has a one- 
sixth to one-fifth scavenging effect. Therefore, a maximum of 
about five-sixths of the oil in the oil film in one segment passes on 
to the next segment where the oil film, of course, becomes re- 
plenished by the addition of one-sixth new oil and then one- 
sixth of the combination is dropped at the following groove. 
The observations to determine the scavenging action were made 
by injecting coloring matter into the oil film and observing the 
results as the bearing surfaces moved relative to each other. 
Although the value may not be expected to represent exactly the 
amount of scavenging, and furthermore different conditions of 
test set-ups might lead to somewhat different results, still an in- 
dication of such a small amount of scavenging at each oil groove 
means that careful thought must be given to the actual tempera- 
ture occurring inside an oil film before deciding upon the mini- 
mum oil-film thickness, and upon the average value of viscosity 
which may be used to represent losses. 

The author discusses under various headings on pages 182 and 
183 formulas which may be applied to the solution of problems 
associated with forced-oil starting of bearings. There are many 
instances in the practical application of journal bearings where 
high-pressure oil pumps are connected to the bearings in order to 
lift the shaft on an oil film previous to starting and thereby reduce 
the in-rush required to start an electric motor to a value which a 
particular distribution system can stand without objectionable 
flicker. By this means the coefficient of static friction is elimi- 
nated and there is obtained an extremely small starting friction 
so that the torque required to start the motor is only that as- 
sociated with the windage loss; and a reasonable length of time 
is required to bring the machine to speed. 

Mr. Howarth’s formulas 19 to 26 check fairly well with some 
results observed on bearings equipped for forced-oil starting, 
if, and only if, it is possible to determine the thickness of the 
oil film hk and the viscosity of the oil u. These are extremely 
difficult to determine. 

Fig. 8 in the paper shows the type of construction frequently 
employed for forcing oil in between a bearing and a journal. By 
applying a pressure P; at the entrance to the bearing approxi- 
mately equal to two or three times the mean bearing pressure 
resulting from the load, it is found that an apparent lifting force 
of 5 per cent is sufficient to cause the formation of an oil film be- 
tween the surfaces. By this apparent lifting force is meant the 
product of the pressure P, by the area represented in the circle 
of radius r;. The action of this forced oil is to instigate a slight 
roll of the journal to one side or the other of a bearing. After 
this roll has taken place, oil can proceed out from the inlet hole 
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at a fairly rapid rate causing the lift of the bearing. In the 
case of flat plates, a similar apparent lifting force produces a 
slight deformation of the plates adjacent to the oil hole that is 
sufficient to make the oil spread out from the hole in a manner 
similar to the disturbances caused by a rock dropped in a calm 
pond. 


S. J. Negeps.?- Mr. Howarth has pointed out that optimum 
conditions in bearings are brought about by the geometrical form 


RATIO SCALE 


2 
Cc 
Po) 2 3 4 
SCALE For J/p 
Fia. 1 
13 
1:2 
Ww 
9 
F 
8 
2 3 4 


scare For 
Fie. 2 
of the oil film. Any bearing having a fluid film and operating 
with a given load and speed will have some minimum film thick- 
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ness hy. For optimum load or friction conditions to exist, the 
film thickness at all points must bear a definite relation to the 
minimum film thickness. These relations have been tabulated 
in the paper by Dr. Kingsbury, referred to by Mr. Howarth 
and again are brought to attention in Mr. Howarth’s present 
paper. They were calculated from theoretical considerations 
and refer to bearings of infinite width. 

The investigation referred to by Mr. Howarth, which was un- 
dertaken by the writer, had for one of its objects, the determina- 
tion of whether the film form found to be optimum at infinite 
width would also be optimum at all finite widths. As antici- 
pated by Dr. Kingsbury, it was found that at finite widths, the 
optimum film forms were somewhat different from the optimum 
at infinite width. To date, only the 120-deg centrally supported 
clearance bearing has been investigated for this condition; al- 
though similar behavior may be expected in other types. 

As the bearing is decreased from infinite to finite widths, the 
change in the optimum film form is due to the fact that best con- 
ditions are found at increasing eccentricities as the bearing be- 
comes narrower. Hence, to obtain the best load and friction 
conditions for a given minimum film thickness, the relative radial 
clearance (n/h,) must be increased as the width of the bearing is 
reduced. In Fig. 1 of this discussion, curves A and C show, re- 
spectively, the magnitude of the improvements in load capacity 
and minimum friction coefficient (above the values given by Dr. 
Kingsbury’s charts and Mr. Howarth’s present paper) that may 
be brought about by increasing the relative clearance and thus 
establishing optimum film forms at finite widths. Curve B 
shows the required increase in relative clearance to bring about 
the improvements in load capacity shown by curve A, and curve 
D shows the required increase in relative clearance necessary to 
bring about the improvements in minimum friction coefficient 
shown by curve C. The improvements are given as ratios by 
the vertical seale, the ratios being comparisons of the results 
given by Mr. Howarth’s class-C charts when used with the gen- 
erally applicable side-leakage chart AX; and similar results as 
found by the writer. The former results are represented in Fig:. | 
and 2 of this discussion, by unity, for all values of 1/b, the latter 
results being represented by the curves. For example, let us 
consider a 120-deg centrally loaded bearing, the length in the 
direction of motion being the same as the width, or 1/b = 1.0. 
From the class-C tables given by Mr. Howarth, and his AX 
chart, values for the maximum load capacity and minimum fric- 
tion coefficient may be found and also the relative clearances 
necessary to bring these conditions about. From Fig. 1 of this 
discussion, we find from curve B at l/b = 1.0, that if we increase 
the relative clearance for maximum load, as given by Mr. Ho- 
warth’s paper, 1.185 times or 18.5 per cent, the film form will be- 
come optimum and the load capacity will be increased 1.10 times 
or 10 per cent, as shown by curve A in Fig. 1 of this discussion. 
This increase in relative clearance permits the eccentricity to in- 
crease from c = 0.4688, the optimum value at infinite width, to 
c = 0.552, the optimum value for 1/b = 1.0. Similarly, curve C 
shows a 7.3 per cent drop in minimum friction coefficient by in- 
creasing the relative clearance 31 per cent as shown by curve D. 
Here, the increase in clearance will permit the eccentricity to in- 
crease from c = 0.4904, the optimum value at infinite width, to 
c = 0.612, the optimum value at 1/b = 1.0. 

From Fig. 1 of this discussion it is apparent that the gains in 
load capacity and in minimum friction coefficient are less in per- 
centage than the necessary increases in relative clearance to bring 
them about. Since most bearings are wider than the square pro- 
portions, falling between 1/b = 0.5 and 1/b = 1.0, the advantages 
to be gained in load capacity and minimum friction coefficient 
are negligible, as has been pointed out by Mr. Howarth. Should 
the hearing be relatively narrow, however, appreciable advantages 


in load capacity and reduced friction may be obtained by in- 
creasing the relative clearance to the amount required for the 
formation of the optimum film form. The narrower the bearing 
the greater the advantages and the greater the required increase 
in clearance, the minimum film thickness remaining constant 
for all 1/6 ratios. 

In some cases large clearances may be undesirable since they 
increase the difference between the shaft positions when running 
and at rest, and cause higher concentration of pressures at start- 
ing and stopping. ‘Therefore, if we maintain at all finite widths 
the relative clearances found to be optimum at infinite width, 
the objection of relatively large clearances is overcome but mak- 
ing it impossible to establish the optimum film form in practical 
bearings. From this point of view the results, obtained by using 
the class-C table and the side-leakage chart KX in Mr. Howarth’s 
paper, are found to be in close agreement with the results of the 
investigation of 120-deg centrally loaded bearings mentioned in 
the second paragraph of the writer’s discussion. The compari- 
son is made in Fig. 2. Unity on the ratio seale again represents 
the values given by Mr. Howarth’s class-C table used with his 
chart KX. Curve EF gives the comparative results for load 
capacity for constant eccentricity c = 0.4688 and constant rela- 
tive clearance n/h, = 1.883. Curve F gives the comparative 
results for friction coefficient for constant eccentricity ¢ = 0.4904 
and constant relative clearance n/h, = 1.962. 
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L. M. Tichvinskyt anp R. Baupry.® With reference to the 
author’s chart Fig. 13, the writers wish to mention the practi- 
cal aspect of the clearance ratio 7/r in the region of optimum 
condition. The writers made an analysis for the case of 360- 
deg and 90-deg journal bearings and showed, in a paper, ‘“Perform- 
ance of Large Journal Bearings,’’ by R. Baudry and L. M. 
Tichvinsky, presented at the Annual Meeting, 1934, that the 
ratio n/r may vary considerably in the region of optimum con- 
dition. The case of a 120-deg clearance bearing was considered 
in Mr. Baudry’s discussion of 8. J. Need’s paper,® and some of 
the observations of that discussion are repeated here. In Fig. 3 
of this discussion, the bearing eccentricity is plotted as abseis- 
sas ranging from 0 to 1, thus covering the complete operation of 
the bearing performance. The ordinates of this figure are the 
values of clearance ratio, minimum oil thickness, and coefficient 
of friction. 

It is seen from Fig. 3 of this discussion that for a variation of 
the clearance ratio from less than 0.001 in. per in. to more than 
0.002 in. per in., the coefficient of friction will vary only plus or 
minus 2 per cent of the mean value shown on the curve. The 
variation of the oil-film thickness is of the same order. 

On Fig. 4 of this discussion (plotted from Fig. 3) is shown the 
clearance ratio which will give the optimum condition for various 
values of ZN/P. It is seen that the clearance ratio remains con- 
stant for a rather large variation of ZN/P. Therefore, it is pos- 
sible to use a constant clearance ratio over a large range of bear- 
ing operations and still operate near optimum conditions of the 
bearing performance. It is interesting to note that this corre- 
sponds with clearances determined by experiments and used on 
Westinghouse bearings. 

Thus, for example, it is the Westinghouse practice to use a 
clearance of 0.002 in. per in. for high-speed turbogenerators 
operating with values of Zn/P varying from 100 to 400. For 
former slow-speed power bearings with a 120-deg angle and values 
of ZN/P below 100, a clearance ratio of 0.001 in. per in. was used. 


G. B. Karetcirz.? Some time ago the writer offered charts for 
the determination of the minimum oil-film thickness in a central 
journal bearing.’ The analysis was based on premises slightly 
different from the author’s. The examples given in the paper, 
were worked out on the basis of the charts in the writer’s paper 
the comparative results being given in Table 2 of this discussion. 


TABLE 2 COMPARISON OF OIL-FILM THICKNESSES OBTAINED 
BY KARELITZ AND HOWARTH METHODS 


Example no. 


from Howarth’'s Oil-film thickness, in. 


paper Howarth Karelits 
1 0.0030 0.0032 
3 0.0048 0.0045 
4a 0.0017 0.0018 
4b 0.0029 0.0025 


For practical purposes, the results in Table 2 are sufficiently 
close, while the treatment in the writer’s paper is very much 
simpler. This suggests that the rigorous treatment presented in 
Mr. Howarth’s graphs might be simplified without impairing the 
value for practical designers. 

Concerning the friction in journal bearings, it is the writer’s 
contention that the total amount of friction in oil-ring bearings 


4 Westinghouse Research Laboratories, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 

5’ Power Engineering Department, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 

’ Diseussion by R. Baudry of ‘Effects of Side Leakage in 120- 
Degree Centrally Supported Journal Bearings,”’ by S. J. Needs, 
A.S.M.E. Trans., vol. 57, no. 3, April, 1935, p. 136. 

? Professor of Mechanical Engineering, Columbia University, New 
York, N. Y. Mem. A.S.M.E. 

“Performance of Oil-Ring Bearings,’ by G. B. Karelitz, Trans. 
\.S.M.E., vol. 52, part 1, 1930, paper APM-52-5, pp. 57-70. 


or in power bearings with forced feed is close to the friction in a 
360-deg tubular bearing under the same conditions of load, speed, 
and clearance. Admittedly, this field is still open for investiga- 
tion but as yet little work has been done because of the difficulty 
involved in making the experiments. It must be kept in mind 
that the coefficients of friction given in the paper refer only to the 
friction in the active oil film. The total losses in bearings can be 
determined closer by the chart given by McKee.? 

Example 7 of the paper, dealing with a 360-deg bearing, gives 
the coefficient of friction \ = 0.0080 compared with McKee’s 
figure X = 0.0098. The losses in the oil film of Mr. Howarth’s 
example 1 given as 6.6 hp are, however, much lower than McKee’s 
figure of 16 hp, which actually would obtain in a normal power 
bearing of a size required for the load and speed stipulated in the 
problem. It is hoped that investigators in the field of bearing 
mechanism will be stimulated by Mr. Howarth’s paper to inves- 
tigate experimentally and present their findings on friction in 
bearings with perfect lubrication. 


AUTHOR’s CLOSURE 


The author appreciates the valuable discussions that have been 
offered by I. A. Terry, 8. J. Needs, L. M. Tichvinsky, R. Baudry, 
and G. B. Karelitz, and will endeavor to answer the questions 
they have raised and to add comments that may clarify the points 
involved. 

Although bearing losses may be, as Mr. Terry has said, rela- 
tively unimportant in the matter of overall efficiency of elec- 
trical machinery, the author would like to point out that power 
loss in bearings is not by any means insignificant in large high- 
speed hvdroelectriec units, such as those being built for Boulder 
Dam. 

At a normal speed of 180 rpm the friction loss in a Kingsbury 
thrust bearing for the Boulder units would be about 200 hp when 
carrying a load of 1,750,000 lb. Surely it should be important to 
the engineer and to his client, the investor, whether such a 
machine be equipped with a bearing wasting 200 hp or with one 
wasting 250 or 300 hp or more. The cost of the hydroelectric 
installation may amount to $200 per horsepower developed by 
the turbine. If only 50 hp could be saved in thrust-bearing loss 
per machine, the investment value of it would be $10,000, which 
is approximately the price of a thrust bearing for such a macbine. 

That power losses may vary over even a wider range than this 
for different types of bearings, should be evident from Fig. 12 
in Appendix D of the paper. It is shown in this figure that devia- 
tions from optimum in the design of thrust bearings of the flat- 
wedge type may increase the friction ss much as five or more 
times the optimum value. Such increases in power loss are ac- 
companied by corresponding decreases in film thickness and 
margin of safety. 

The tests to which Mr. Terry refers are of such importance as 
to warrant their complete description in an engineering paper so 
that the conclusions drawn from them could be examined cri- 
tically. It is quite probable that the formulas proposed by Mr. 
Terry could then be shown to represent design variations or 
experimental abnormalities rather than real differences between 
theory and practice. 

With regard to the best circumferential length for the segments 
of a Kingsbury thrust bearing, the longer they are, the thicker 
will be the films produced by them, other factors being unchanged. 
Conversely, the shorter they are, the thinner the film and the 
higher the friction. A careful study of this matter, taking into 
account the side leakage of oil from the films, shows that the 
proportions used by Dr. Kingsbury are very close to the optimum. 

°*Friction of Journal Bearings as Influenced by Clearance and 


Length,” by S. A. McKee and T. R. McKee, Trans. A.S.M.E., vol. 
51, part 1, 1929, paper APM-51-15, pp. 161-170. 
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Mr. Terry’s discussion of the scavenging effect of oil in a groove 
is very valuable indeed and covers a point that is rarely men- 
tioned. It is very desirable that this matter be investigated fully 
and that its importance be emphasized. The author hopes that 
Mr. Terry will find time to cover this fully in a paper before the 
Society. 

Mr. Needs has clarified the advantages to be gained when de- 
signing 120-deg centrally loaded bearings of finite width, with 
reference to his special investigation of that type. 

Messrs. Tichvinsky and Baudry have again pointed out the 
important fact that deviations from optimum conditions may be 
considerable without encountering serious increase of friction. 
One must not forget, however, that by proper choice of viscosity 
of lubricant, a bearing can be made to operate under optimum 
conditions. Hence, the real criterion of design proves again to be 
the minimum film thickness that is considered permissible. 

The question of minimum film thickness is discussed by Mr. 
Karelitz who shows that the results of the author’s rigorous analy- 
sis yield approximately the same values for the examples as do 
his more approximate method. It is the belief of the author that 
the more rigorous the analysis the wider the range over which it 
may be relied upon. 

The author has purposely segregated the pressure film friction 
of journal bearings so that it may be studied separately. This 
should lead to the improvement of constructions that generate 
useless friction. Some idea of the friction wasted by a close- 
fitting cap can be obtained by means of Equation [5] in Appendix 
C of the paper. 

The work of McKee to which Karelitz refers is a valuable 
contribution to the solution of this problem of total friction in 
bearings of various widths, wholly surrounding their journals. 
Checking the figure 16 hp given by Karelitz yields a value of 
12.2 hp from McKee’s tests. Adding the influence of the cap to 
the film loss in example 1 of Appendix B of the paper yields a 
total of 11.6 hp, or 6.6 hp for the pressure film plus 5.0 hp for the 
cap. This checks very well with McKee’s 12.2 hp. The reason 
for the closeness of the figures for the film loss of 6.6 hp, and the 
cap loss of 5.0 hp, is due to the assumption that the cap angle is 
360 deg less the film angle. This ignores the influence of oil 
channels, as was done by McKee. It is probable, however, that 
the loss in such a high-speed bearing, with a suitably wide oil 
channel on each side, would be about 9 hp instead of 11.6 hp. 


The Division of Load Among Gener- 
ating Units for Minimum Cost’ 


C. Harotp Berry.? Mr. Mulligan states that ‘The first 
publication of the basic principles . . . . except for the simplest 
case where the input curves are all straight lines, was by F. H. 
Rogers in 1924.” This statement is somewhat of a surprise, 
because the writer has known the method described by Mr. 
Mulligan to be in use for nearly 20 years. The writer has in his 
possession prints of curves prepared by W. A. Hirt of The De- 
troit Edison Company, in June, 1919, showing the input of sev- 
eral steam turbines, the first derivative curves, and the resulting 
graphical table of load distribution for various combinations 
of units running, the operating units being run at such loads that 
the slopes of the input-output curves are equal. These particular 
blueprints have been kept merely as samples of the method, which 
in 1919 was the common practice of the Detroit company. The 


1 Published as paper FSP-57-6, by J. E. Mulligan, in the April, 
1935, issue of the A.S.M.E. Transactions. 

2? Gordon McKay Professor of Mechanical Engineering, the 
Graduate School of Engineering, Harvard University, Cambridge, 
Mass. Mem. A.S.M.E. 
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writer feels confident that expositions of the method must have 
been published earlier than 1919, but has been unable to locate 
anything earlier than the N.E.L.A. Proceedings of the 43rd 
Convention, May, 1920, where, on page 622, will be found a 
brief description of the method. 

The writer believes that those who are concerned with the 
operation of power plants and systems have long known of this 
method of apportioning Joad among diverse units, and have re- 
garded it as a useful general guide. On the other hand, the exi- 
gencies of daily operation often make strict adherence to any 
such scheme impracticable. Machines cannot profitably be 
started and stopped at short intervals. Large steam turbines 
require long warming-up periods. The need for a machine must 
be known somewhat in advance, and there must be in prospect 
a reasonably long running period to justify incurring the starting 
losses and subjecting the machine to the hazards associated with 
starting and stopping it. This, however, does not detract from 
the usefulness of the derivative method of distributing load, for, 
when it can be followed, there is no doubt that it yields the best 
attainable results. 

Mr. Mulligan bases the validity of the method upon a graphi- 
eal discussion of increments of input resulting from departures 
from the optimum load distribution. If the situation is sub- 
jected to a mathematical analysis, the proof becomes relatively 
simple, and, moreover, the seemingly anomalous behavior of 
machines with inflected input curves becomes clear. 

Let us designate the aggregate plant or system input by /, the 
nput of each unit by i, wt, ...., 7,, and the corresponding out- 
puts by O, 01, 02,...., 0. 

The aggregate system input is the sum of the inputs to the indi- 
vidual machines 


If, through variations of load, the inputs to individual ma- 
chines change, the increment of aggregate input is the sum of 
the individual increments. Since the relation of Equation [1 | 
is linear, this may be written in terms of differentials. 


Now, for each individual machine, the input is a function of 
the output of that machine, and of a number of other variables, 
such as initial steam pressure and temperature, exhaust pressure, 
water levels in head- and tailraces, and the like. Let these other 
variables be designated by z, y, . Then, for any single unit, 
the differential of input is 
oO ot oi 

But, for the purpose of studying the distribution of load for mini- 
mum aggregate input, it is properly assumed that the variables 
other than output are unchanging. Obviously, if exhaust pres- 
sure or hydraulic head is to vary, the plant input will vary en- 
tirely apart from any considerations of load distribution. Such 
variations must be ruled out for the purposes of this study. If 
this be done, the differentials dz, dy, . . . all become identically 
zero, and Equation [3] reduces to 


Substitution of values typified by Equation [4] in Equation 
[2] gives 
= — do — ee — do,...... 5 
d. + doz + + [5) 
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For the optimum distribution, the aggregate plant input J has 
a stationary value, that is, its differential must vanish, or 


on 

— do, + — do ... +—do,..... 6 

1 2+ 0, [6] 
In addition to this, we have another restriction. The problem 

is to find the optimum distribution of a given aggregate output. 

In other words, the aggregate output O which is the sum of the 

individual unit outputs is to be constant. That is 


dO = 0 = do, + da +...+do,.... 


Equations [6] and [7] must both hold true for any set of values 
of the differentials do, doz, ... . do,, all but one of which are inde- 
pendent, and may be assigned any desired value. The neces- 
sary and sufficient condition for this is 


on 


{8] 
002 

Equation [8] states the condition under which the aggregate 
plant or system input will have a stationary value with respect 
to small variations in distribution. But this does not tell us 
whether this value will be a minimum or a maximum. Further 
criteria are needed to determine this question. 

As in the case of a simple curve, the distinction between a 
maximum and a minimum is stated in terms of the second deriva- 
tive. Ifthe second derivative is positive, the point isa minimum; 
if it is negative, the point is a maximum. 

In the present case, we are dealing with a quantity that depends 
upon numerous variables, and accordingly there are numerous 
second derivatives. The complete analysis of the situation is 
too extensive to give here, but a statement of the results can be 
made fairly concisely. 

If the second derivatives of the individual unit input curves 
are all positive, then the distribution corresponding to Equa- 
tion [8] provides a minimum value of the aggregate plant or 
system input. 

If, on the other hand, some of the individual units have input 
curves with negative second derivatives, that is, input curves 
that are convex upward, then the relative magnitude of the 
positive and negative second derivatives may be such that the 
distribution set by Equation [8] provides a maximum plant or 
aggregate input. In the case of two units, the situation is 
simple. If both second derivatives are negative, or if one of 
them is negative and the other positive but smaller (so that their 
sum is negative), then the distribution for equal first derivatives 
will correspond with a maximum aggregate plant input, rather 
than with the minimum that we seek. This is the case discussed 
by Mr. Mulligan for inflected input curves. Beyond the point 
of inflection, both curves have a negative second derivative. 

For the case of more than two units, the situation becomes too 
complex for brief statement. Involved relationships among the 
signs and magnitudes of all the possible second derivatives de- 
termine whether the distribution satisfying Equation [8] corre- 
sponds with a maximum, or a minimum, or is something analo- 
gous to the point in a saddle where the tangent plane is horizon- 
tal, but corresponds to neither maximum nor minimum.* 

Mr. Mulligan has done good service in bringing this question 
once more to the fore, and in drawing attention to the necessity 
of considering the possibility of input-output curves that are 
convex upward. So far as the writer knows, this is a point that 
heretofore has not been discussed. 

5 “Advanced Calculus,”” by William F. Osgood, The Macmillan 
Company, New York, N. Y., 1929, p. 178; and “Lectures on the 


Theory of Functions of Real Variables,” by James Pierpont, Ginn 
and Company, New York, N. Y., 1905, vol. 1, p. 326. 
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M. J. Sreinsera.‘ It is generally recognized that correct 
load division is an important factor influencing the economic 
generation and transmission of electric energy. It is also gen- 
erally recognized that correct load division can be obtained only 
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by the proper application of incremental rates. Since this subject 
is treated in Mr. Mulligan’s paper from a purely theoretical 
point of view, a discussion of some of the practical aspects of the 
problem should be of interest. 

The academic solution of load division problems cannot be 
justified at all times. This condition arises frequently in the 
turbine room in connection with load division among steam-tur- 
bine generators with characteristics similar to those illustrated 
by Fig. 6 of the paper. The curves shown in this figure are 
typical for modern multivalved steam turbines. At each load 
corresponding to maximum opening of a valve, there is a dis- 
continuity in the incremental heat-rate curve followed by a sharp 
decrease in value over a relatively small range in load. Because 
of this latter characteristic, the proper division of load cannot 
be determined solely on the basis of the respective incremental 
heat rate curves. 

By way of illustration and to permit a more detailed analysis 
of the procedure outlined in the paper, consider the curves of 
Figs. 1 and 2 of this discussion, which represent the performance 
characteristics of two units of the type under discussion. For 
any combined load between 80 and 150 megawatts, the proper 
division of load can be directly determined from the incremental 
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heat rate curves of the writer’s Fig. 1. For loads in excess of 
150 megawatts, it becomes necessary to use the curves of Fig. 2 
of this discussion. These show for each unit, the average incre- 
mental heat rate at which an increment of load in excess of any 
valve load can be supplied. If the division of load in the range 
from 150 to 180 megawatts be considered, then from the curves 
of Fig. 2A, it is seen that unit A should be operated at its valve 
load of 60 megawatts while unit B supplies the balance of load 
up to a combined load of 156.2 megawatts. If the combined 
load exceeds 156.2 megawatts, the load on unit B is first reduced 
to 90 megawatts, its valve load, and the balance supplied by 
unit A. Thus, the intersection of the two curves of Fig. 2A indi- 
cates, theoretically at least, the need of shifting load from unit 
B to unit A when the total load increases from 150 to a value in 
excess of 156.2 megawatts. Similar procedure is necessary in 
the other ranges of load, and for the two machines under discus- 
sion it was necessary to establish four sets of curves to determine 
the correct load division over the entire range of load. An exact 
solution, when more than two units of this type are involved, 
requires an excessive amount of time and labor which, experience 
has shown, may be considerably reduced without introducing 
more than a negligible error, by the use of average incremental 
rates. These are established by dividing the difference in suc- 
cessive inputs corresponding to the valve loads, by the corre- 
sponding differences in output. Thus, if the loads at which the 
valves are fully open and the corresponding inputs are known, 
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it becomes a relatively simple matter to calculate the average 
incremental rates and what is more important, determine the 
division of load without recourse to curves similar to those of 
Figs. 1 and 2 of this discussion. 

A comparison between the two methods is illustrated by the 
writer’s Fig. 3. The crosshatched areas correspond approxi- 
mately to the ranges of load in which the discontinuities and the 
sharply decreasing values of the incremental rate curves occur, 
and represent but a very small portion of the entire range of 
load. The maximum per cent increase in input due to the varia- 
tion in loading is indicated for each area, and it is obvious that 
they are of negligible magnitudes and well within the accuracy 
with which turbine-generator heat rate curves can normally be 
established. 

In the case of steam-generating stations, load division in the 
turbine room represents but one phase of the problem. The 
boiler room must also be considered, the ultimate object being 
to establish the incremental rate curves for the station so as to 
permit the proper allocation of load among several stations. 
The academic solution as outlined in the paper, if not impos- 
sible, is surmounted by so many difficulties that it can rarely, 
if ever, be justified. Consider the curves of Fig. 4 of this dis- 
cussion in which a comparison is shown between the actual and 
average incremental rate curves for the combined operation of 
the two units under discussion. With two or more stations 
equipped with turbines of this type, it should not take a great 
deal of imagination to visualize what an academic solution of the 
problem involves. 

The paper also presents a criteria for dividing a load, which 
varies uniformly with time, among several generators, some which 
may be operating at fixed throttle or constant output during the 
period of uniformly increasing or decreasing load. The author 
recommends the use of an average input-output curve for the 
unit or units that absorb the variation in the system load, repre- 
sented in Fig. 7 of the paper as J». For the purpose of illustra- 
tion the author has used input-output curves whose respective 
incremental rate curves are smooth, continuous and with incre- 
mental values that never decrease with increase in output. 
Curves of this type are characteristic of hydroelectric units; in 
the case of steam-turbine generators it is more likely that the 
incremental curves will be similar to those shown in Fig. 1 of 
this discussion or consist of a series of horizontal, step-like straight 
lines. The most economical load division among turbine-gen- 
erators characterized by either or both of the latter, is obtained 
only when all but one unit are operating at fixed throttle or con- 
stant output, while the single unit absorbs any change in the 
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total load. ‘Thus, in Fig. 3 of this discussion it will be noted that 
as the combined load increases, one of the two machines operates 
at a valve load, while the other supplies the increase in load, and 
this is true whether the load division is based on either the actual 
or average incremental rates. The use of average input-output 
curves when machines of these types only are involved, is obvi- 
ously unwarranted. 

It is recognized that in every system there probably exists 
equipment of early design and relatively low efficiency which is 
used for emergency or standby service under system peak-load 
conditions. Among steam-turbine generators under this classi- 
fication there may be a limited number whose incremental curves 
have the characteristics of the curves shown in Fig. 7 of the paper. 
These units, when operating in conjunction with prime equip- 
ment, are usually maintained at some predetermined minimum 
output, irrespective of the variation of the total system load. 
They are seldom, if ever, used as regulating units so that under 
these conditions there is no need for the application of average 
input-output curves. . 

Notwithstanding the foregoing, an attempt was made to de- 
rive the average curve from an actual input-output curve. 
When the usual graphical methods were employed, it was found 
that the differences were too small to be capable of graphical 
determination. An equation was therefore fitted to the input- 
output curve and the differences computed mathematically. 
The differences between the two curves are shown in Fig. 5 
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DIFFERENCE IN INPUT BETWEEN ACTUAL AND AVERAGE 
Input-Output CURVES 
(Input-output curve data: J = A + B + CL? + DL* + EL‘ = turbine in- 
put, million Btu per hr; L = generator load, megawatts; A = 155; B = 
41: C = 0.04; D 170.7 X 10°§; and E = 1.49 XK 10°*.) 
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of this discussion. The input differences are a function of the 
curvature of the input-output curve and the magnitude of the 
load intervals for which the averages are obtained. On the basis 
of the analysis shown in Fig. 5, it is believed, that even in the 
case of hydroelectric units, there is a very limited field in which 
the application of the recommended average curve can be justi- 
fied. 

Another important factor which eliminates the need of using 
average input-output curves, is the fact that it is customary for 
station operators to be supplied with loading schedules which they 
are required to follow in loading the individual units. 

Although the loads of all units cannot be adjusted continuously 
as the total load changes, adjustments can be made frequently 
enough so that any loss in efficiency from the failure to follow 
the schedules becomes a negligible quantity. 

In conclusion, the author is to be congratulated for the manner 
in which the fundamental principles of load division have been 
presented. The use of graphical instead of mathematical analy- 
sis has been helpful in clarifying the subject matter. The appli- 
cation of incremental rates has been general in the field of power 
generation and transmission and they have been in use over a suf- 
ficiently long period to permit some interesting operating experi- 
ence. It is believed that a meeting could be profitably devoted 
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to a discussion of the practical aspects of the problem of load 
division, and it is hoped that this will be provided for in the near 
future. 


L. J. Levert.2 Mr. Mulligan admits that not all is well with 
increment rates. On many occasions he resorts to the use of 
total-input-output curves, due to theoretical limitations of in- 
crement rate curves. We, who have to operate the system, 
have to consider practical limitations as well. This fact 
makes us depend on the total-input-output curves even to a 
greater extent. Actually, we determine the most important points 
through the use of total-input-output curves and then fill in the 
space between with the assistance of increment rates. Even the - 
use of total-input-output curves in preference to increment rates 
is no assurance that the most economical operation will result. 

For the purpose of illustration, let us assume that we have a 
system where all equipment, including boilers and turbines, can 
be “plugged in and out”’ with the rapidity and ease of a telephone 
connection. The system used in this illustration consists of four 
100,000, four 50,000, and four 25,000-kw units. The figures used 
for computing the heat consumption were based on the actual 
operating performance of the existing units. 

The solid line in Fig. 6 of this discussion shows the operating 
sequence indicated for the use of input-output curves. The 
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dotted line indicates the sequence which would be followed in 
practice. Paradoxical as it may seem, the best theoretical opera- 
tion will result in a loss of $50 per day in the heat consumption 
alone. This loss is due to the fact that more frequent starts in 
the theoretical scheme of operation will more than offset a slight 
increment saving. 

In addition to the fuel loss, there will be an increase in main- 
tenance due to more frequent starting and stopping of the units. 
This loss is very difficult to evaluate quantitatively. 


5 Economy Engineer, The New York Edison Company, Inc., 
New York, N. Y. Mem. A.S.M.E. 
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During the periods when there is a rapid change of load which 
requires putting on a large number of units within a compara- 
tively short time, the operating personnel will be unable to handle 
the theoretical starting sequence without increase in the operat- 
ing force. For example, let us assume that we know that four 
units in station A and four units in station B must be started 
within an hour’s time, and also that the units in station A are 
all more efficient than those in station B, and consequently, all 
four units in station A should be started first. With a limited 
personnel, it is more practical to start up the units in station A 
and B simultaneously, so as to allow an interval of time between 
starts at each station. Because of the short duration of such pe- 
riods, the money loss in heat consumption is not great enough to 
justify adding to the personnel. 

In comparing the actual station loads with the loads indi- 
cated by the loading schedule, we are interested only in the 
amount of money lost, due to such a departure, rather than the 
difference in kilowatts. Very often, the convenience of operation 
will justify a departure in loading, which, on its face, appears 
to be large, but upon analysis shows a small money loss. 

The criterion of any operating arrangement is the least pro- 
duction cost per kilowatts, all things considered, which is con- 
sistent with the system’s standards of safety and service. In- 
crement rates and total-input-output curves are nothing but tools 
and like all tools, if not properly used, may have an adverse 
effect on the system’s economy. 


L. J. Parsons. Mr. Mulligan is to be congratulated on his 
analysis of the problems affecting load division among units. His 
consideration of the relation between varying load on the fre- 
quency-regulating units and those units which operate at fixed 
throttle is correct if the assumption that a curve of load against 
time is a straight line for a definite load range is true. In a great 
many systems the load swings are neither consistent nor uniform. 
A steam system may be interconnected with a hydro system, which 
in turn, is connected with other steam and hydro systems which 
produce swings that are reflected through the entire intercon- 
nection, and vary in acceleration and amount over the entire day. 
The degree of accuracy obtained and the economy involved when 
working with an average curve, as suggested by the author, is 
not of great importance, particularly at this time, when the 
swings are not consistent nor uniform. 


6 Assistant Engineer, The New York Edison Company, Ince., 
New York, N. Y. Mem. A.S.M.E. 


T 
| 
| | | | 

| 

| 
| 


In a system with a number of frequency-regulating units, the 
relative sluggishness of the governors is also an important factor 
in determining the nature and variation of the swings on the 
turbogenerators. Until there is an improvement in governor 
design, and a better coordination of its sensitivity with the auto- 
matic frequency regulator, the problem should be approached with 
caution. There is also a great deal to be done in the matter of 
regulating frequency between systems which adds to the dif- 
ficulty. 

Fig. 7 of this discussion is an appended curve which shows the 
variation in load on three major stations of a large steam system. 
This system is connected with a large hydro system by two ties 
which have a total capacity equivalent to the capacity of the 
largest unit in the steam system. The curve marked station A, 
with the most severe fluctuations, is the frequency-regulating 
station of the system. It has an automatic frequency regulator 
installed on its largest unit. Although a great deal of improve- 
ment has been made since, through the installation of load-bias 
control on some of the smaller systems connected with the hydro 
system, nonuniform fluctuating loads are still a big factor. In 
Fig. 7, the curves for the hydro unit and frequency-regulating 
station, A, B, and C represent load; the remaining curve repre- 
sents line-frequency variations. 

An automatic frequency regulator which is connected to one 
turbogenerator is generally set for a definite load range and in- 
stantaneous frequency variation, in order that the change in load 
may conform to the pick-up characteristics of the boilers in the 
various stations. There is also a certain phase-angle relation 
between busses of a station and other stations in a large system, 
which will prevent the distribution of load in accordance with 
the principles of heat economy. All these limitations do not 
warrant the use of the incremental curve established from the 
average input-output curve. 

One large system has installed an automatic program-load 
device which controls the load division of several turbines accord- 
ing to a prearranged economy schedule, but it is doubtful even if 
this scheme can approach the ideal of a direct relation between 
time and load. However, such a scheme may not be practicable 
for another system where the nature of the load, frequency re- 
quirements, and load swings are different. 


S. Locan Kerr.’ There will undoubtedly be many diverse 


7 Research Engineer, I. P. Morris Division, Baldwin-Southwark 
Corp., Philadelphia, Pa. Mem. A.S.M.E. 
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opinions expressed in regard to the practical application of the 
theory advanced in Mr. Mulligan’s paper. The limitations in 
such a theory are, however, not insurmountable and with 
education of the dispatching personnel, careful engineering of 
systems, and the coordination of generating plants of different 
types, it is possible to effect many economies that otherwise 
would be lost. 

The broad principle of economic load division has been known 
and used for many years, but it has been assumed that the unit 
characteristics have been similar or that they follow smooth 
curves or straight lines. The work of F. H. Rogers and L. F. 
Moody in 1925, referred to by Mr. Mulligan, was the first analysis 
published on the subject which considered the complex factors 
and which dealt at length with the question of points of inflection 
of discontinuities in the characteristic curves. This was a dis- 
tinct advance in the theory, and showed that these variations 
in characteristics could not be ignored. 

Several outstanding examples of the successful application of 
these principles can be cited. One of the first operating com- 
panies to apply rigid loading schedules to its plant was the Penn- 
sylvania Water & Power Company at the Holtwood hydroelectric 
plant. The Phiiadelphia Electric Company has followed these 
principles carefully in the operation of their steam plants and 
recently in the operation of the combination of steam and hydro- 
electric units. The Connecticut Valley Power Exchange under 
the guidance of Mr. Mayott furnishes a splendid example of the 
economic coordination of many systems and various types of 
prime movers. 

The enforcement of rigid operating schedules is often im- 
possible of achievement due to the difficulty of maintaining 
constant supervision of operating personnel, and the clerical 
work necessary to check operating economy in many plants of 
small capacity. The use of automatic devices to distribute load 
according to the schedule for maximum economy has overcome 
many of the handicaps of manually operated stations, and in 
several cases has shown amazing improvements in overall oper- 
ating efficiency. The sponsorship of this work by A. C. Clogher 
of the Electric Bond and Share Company has resulted in the use 
of this equipment in the plants of several of their operating 
companies, and with decided benefits in the reduction of operat- 
ing losses. 

It is interesting to note the experience of one or two plants. 
At the Norwood hydroelectric development of the Carolina 
Power and Light Company, the operating efficiency with manual 
control was in the neighborhood of 90 per cent. With constant 
supervision this could be increased to 94 or 95 per cent, while 
with automatic equipment it was rarely less than 97 per cent 
and usually on the order of 99 per cent. A recent analysis of 
three major hydroelectric plants in Sweden, undertaken by Elov 
Englesson of Kristinehamn, showed operating efficiencies of 
94.5 per cent, 98.5 per cent, and 91.0 per cent, all of them being 
operated manually. The operating efficiency in these cases is 
the ratio of the actual kilowatthours generated to the possible 
kilowatthours that could have been generated from the same 
water or fuel at the same load factor. 

In making analyses of characteristic curves, the writer has used 
the same data and essentially the same methods as described by 
Mr. Mulligan, but has preferred to use input as the abscissas and 
the first differential output with respect to input as the ordinates. 
This arrangement results in having the area under the deriva- 
tive curves represent output, and hence it is quite easy to pick out 
the arrangement giving the maximum area which, of necessity, 
gives the maximum output for a given input. 


8 “Automatic Operator a Success,” by F. M. Nash, Electrical 
World, August 25, 1930. 
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AvTHOR’s CLOSURE 


The author appreciates Professor Berry’s correction of his 
statement concerning the date of the first publication of the basic 
principles of load division. 

Most of the discussion deals with the practical application of 
the principles of load division and is a valuable supplement to 
the paper, which aims only to extend the theory. 


Application of the Elastic-Point 
Theory to Piping Stress 
Calculations’ 


E. C. Perrie.? The authors have presented a solution of the 
problem of determining stresses and reactions in piping which 
has simplified to a large extent the work involved in calculating 
the values. The neutral-point theory is somewhat difficult to 
follow through, however, for the average engineer designing piping 
systems who wishes to eliminate as much as possible any opera- 
tion which involves a knowledge of higher mathematics or 
mechanices. 
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Fig. 1 DtaGRAMMATIC SKETCH OF A ONE-PLANE PipIne System 

A statically indeterminate system of piping, that is, one lying 
in a single plane, has three unknown quantities at each of its 
terminal points. These quantities are the forces and restraining 
moments caused by the expansion of piping restrained fully at 
its end points. The authors have given the fundamental for- 
mulas for any one-plane piping system, which the writer has 
rewritten in a slightly different form, as 


My = (DF, + GF, + EIA,)/C..............{2] 
My = (HF, + DF, — EIA,)/B............. [3] 


where M, is the restraining moment at 1, Fig. 1 of this discussion; 
F, is the horizontal force; Fy, is the vertical force; E is the 
modulus of elasticity; J is the moment of inertia; A, is the 
deflection along the X-axis; A, is the deflection along the Y-axis; 
and A, B, C, D, G, and H are the integration constants. 

A one-plane piping system similar to those illustrated by the 
authors is shown in Fig. 1 of this discussion with the values of the 
integration constants which apply to this particular type of 
piping layout. The algebraic expressions for these integration 
constants are 


B = (Ly2/2) + + [nly — (Le?/2) + — 
C = (1y2/2) + + + (Ls2/2) + + + 
+ LsLs + (L;s?/2) 
1 Published as paper FSP-57-10, by S. W. Spielvogel and S. 
Kameros, in the May, 1935, issue of the A.S.M.E. Transactions. 


2 Engineer, Product Engineering Department, Crane Company, 
Chicago, 
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BL, + Le [(s3?/2) + + + (L5?/2)] — Ls ((h4?/2) 
+ — L4(L;?/2) 


G = Ly | (L,2/3) + L, Le + Libs + L;? + + LAL, 
+ 2L3L; + L;?] Ls [(Ls? /3) + + LL, oa 
+ (L;3/3) 


H {(L2? /3) + LL; + LoL; - 2L4L;| 


+ La {(L4?/3) + 


By means of these constants and formulas [1], [2], and [3] 
of this discussion, any piping system of the type shown in the 
writer’s Fig. 1 can be analyzed completely by a purely mathe- 
matical solution which can be followed through by any engineer 
who knows the fundamentals of arithmetic. 

For simplicity of comparison, the writer will use the same ex- 
ample used by the authors, the conditions of which are given by 
the authors for the pipe line shown in Fig. 4 of the paper. For 
this problem, J = 37 in.*4; E = 25.5 X 10% lb per sqin.; A, = 
(6.14/100) X 60 = 3.684 in.; A, = (6.14/100) x (—12 

0.737 in.; and the diameter of the pipe = 6.625 in. 

The values of LZ, = 12 ft, Le = 18 ft, Ls; = 20 ft, Ly = 30 ft, 
and Ls = 28 ft, obtained from the authors’ Fig. 4 and substi- 
tuted in the equations for the writer’s integration constants 
give: A = 108; B = 276; C = 2976; D = —2712; G = 
105,312; and H = 14,976. 

The substitution of the values of the integration constants into 
formulas [1], [2], and [3] of this discussion gives 

For formula [1] 


Mo = (276F, + 2976F,)/108 = 2.556F, + 27.556F, 
For formula [2] 
Mo = [—-2712F, + 105,312F, (25.5 X 106 X 37 
X 0.7378) /1728 ]/2976 


ll 


O.911F, + 35.39F, 135.2 
For formula [3] 
My = [14,976F, — 2712F (25.5 X X 37 
3.684) /1728] /276 


= 54.26F, 9.83F, 


Solving these formulas for F,, and F,,, we obtain 


y? 
Mo = 2.556F, + 27.556F, 
(My = —O.911F, + 35.39F, — 135.2) 


0 = 3.467F, 7.834F, + 135.2 
F, = 2.26F, — 39 


Mo = 2.556F, + 27.556F, 

(Mo = 54.26F, — 9.83F, — 7288) 
0 = —51.704F, + 37.386F, + 7288 
F, = 0.723F, + 140.9 


F, = 2.26F, — 39 
(F, = 0.723F, + 140.9) 


0 = 1.537F,— 179.9 
F, = 117.12 lb 


Il 


‘ 264.65 — 39 = 225.65 lb 


From the values of the reacting forces thus obtained, the re- 
straining and bending moments can be determined. The re- 
straining moment at 0, and the bending moments at points 1 to 
6, inclusive, of Fig. 1 of this discussion, which correspond to 
points A to F, inclusive, in Fig. 4 of the paper, are 
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Bending moment at 6 = 3804 Fi(ly + Ls + Lbs) F 


Restraining moment My at 1 = 3804 ft-lb 

Bending moment at 2 = 3804-—(F, X L,) = 2398 ft-lb 

Bending moment at 3 = 3804-—- (F, L,) — = 
—1663 ft-lb 

Bending moment at 4 = 3804 

-4006 ft-lb 

Bending moment at 5 = 3804 Fi(L, + bs) F (Ls ly) 

= 2764 ft-lb 


+ La) 


(Le L,) = —516 ft-lb 


In conclusion, the writer believes that the method herein 
discussed for determining the reacting forces and moments in a 
one-plane piping system has the following advantages: (1) Inte- 
gration constants can be determined for any type of piping layout 
or pipe bend; (2) the method of solving the problem is purely 
mathematical and requires no graphical layouts; (3) the values 
ean be determined accurately and checked with the same accu- 
racy; and (4) slide-rule calculations will not cause a material 
difference in the result. 


G. A. Henprickson.* The case of a two-ended, one-plane pipe 
structure with fixed ends, straight elements, and constant cross 
section has been completely covered by the authors. It might 
be of interest, however, to note that by redefining some of the 
terms appearing in Equations [2], [6], and [7], and in several 
of the unnumbered equations, it is possible to treat three special 
cases of frequent occurrence, namely, lines with varying cross 
section, lines with elastic supports, and lines with quarter bends, 
U-bends, or other radius bends which involve the flattening of 
curved pipe. 

These cases require that the center of the coordinates O of 
Figs. 2, 3, 4, and 5 of the paper be placed at the centroid of elastic 
weight, where the elastic weight W is defined by the relation’ 


dw = ds/KEI 


The constant A for straight pipe elements and elastic supports 
is unity. For an approximate treatment of radius bends, K may 
be determined in accordance with the methods given in the 
references of the authors’ bibliography. 

With this change in coordinates the various moments and 
products of inertia should be redefined as follows 


rdw 
ry rydic 
| S 


Equation [6] of the paper then becomes 


Il 


=T1',, tana + /’,, tanta 
Equations [7] then become 
= Ar, COS @); Y = Ay/I 
and Equation [2] retains the same form 


tane = 


Considering now the case of a pipe structure with elastic 
supports, it is readily appreciated that the solution for this prob- 
lem is given when the elastic weight of the supports is included in 
the determination of the center of coordinates and in the moments 
and products of inertia of elastic weight. The expansions Ax 


3 Engineer, The Detroit Edison Company, Detroit, Mich. Mem. 
A.S.M.E. 
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and Ay of Equations [7] are determined from the authors’ 
Equations [4] and [5] unchanged. These additions, which intro- 
duce no complications into the working of the method, make 
possible a treatment of the three special cases mentioned pre- 
viously in this discussion. 

For consistency in nomenclature in the authors’ Equations 
[8], [9], and [10], it appears that Equations [1] of the paper 
might be rewritten as 


X18); + Yi61, M dim = 
Nid, + + M = Ay 


Ni bm + Yi 6 + M6 = () 


my mn 


Equation [8] then becomes 


dim = J mum (ds/KEI) = cos S ydw = 0 


Equation [9] becomes 
= S mym (ds = rdw, = 0 
and Equation [10] becomes 


by = S mim, (ds/KEI) = cosa cy, (ds/KEI) 
= COS S 


These comments regarding derivation of equations are offered 
with a view to making that section of the paper easier to follow. 

This paper presents a method which can be easily applied to 
the most complex one-plane structures having two ends. So far 
as the writer is aware no solution of a pipe structure with three 
or more ends has been published. Further, only a small part 
of the problems in piping design involves lines limited to one 
plane and having two ends without intermediate branch connec- 
tions. 

Although exact solutions based on simple beam theory are 
possible for three-dimensional problems and structures with three 
or more ends, the most ‘convenient methods resort to approxi- 
mations. There is need for an exact solution which embodies 
all of the simplifications possible in the specialized field of piping. 
It isto be hoped that some one will undertake to solve these 
problems for presentation to the Society in the near future. 


D. B. anp A. R. C. Marku.® The elastic-point 
theory described by the authors differs in two fundamental re- 
spects from the one presented by W. H. Shipman in a paper® 
before the Society in which three simultaneous equations with 
six coefficients, set up for the one-plane pipe bend with fixed 
ends, were referred to a rectangular system of coordinates with 
the origin at one end of the pipe line. In the paper under discus- 
sion, the origin of the system of coordinates is located at the center 
of gravity of the pipe line, and the system itself is no longer 
rectangular. The relocation of the origin of the system of co- 
ordinates, suggested in an article? by R. H. Tingey, is advanta- 
geous in that it reduces the number of coefficients to three, and the 
equation involving the rotations disappears. 

The introduction of the conjugate axis further reduces the 
number of coefficients to two, and results in simple expressions 
for the reactions. This, no doubt, entails a considerable saving 
in work in the calculation of an arch where a number of different 


4 Mechanical Engineer, The M. W. Kellogg Company, New York, 
Thid. 
® “Design of Steam Piping to Care for Expansion,”’ by W. H. Ship- 
man, Trans. A.S.M.E., vol. 51, part 1, 1929, paper FSP-51-52, pp. 
415-446. 

7 “Method of Calculating Thermal Expansion Stresses in Piping,”’ 
by R. H. Tingey, Marine Engineering and Shipping Age, vol. 39, no. 4, 
April, 1934. 


loading cases are involved, but this, in the opinion of the writers, 
offers no advantage in the case of pipe lines where only one type 
of loading is applied, i.e., thermal expansion. 

These considerations have led the writers to retain the rectangu- 
lar system of coordinates in their standard method of solving 
pipe-line problems, and to locate the origin at the virtual center 
of gravity of the pipe line. For any one-plane problem, this 
results in the following expressions for the reactions: 


VY = El ; 
| 
le 


Applying these formulas to the example given in the paper 
and utilizing the authors’ values of /,,, /,,, and J,,, we obtain 
25.5 & 108 37 6.14 

144 12 X 100 
23,306.667 < 60 + 10,317.333 * 12 


- = 225.56 
14,270.667  23,306.667 — 10,317.3332 
25.5 X 10° Xx 376.14 
144 “12 x 100 
10,317.333 X 60 + 14,270.667 X12 _ 
= 


14,270.667 X 23,306.667 — 10,317.333* 


It is seen that steps 3, 4, 5,and6 of the authors’ method are 
eliminated. The bending moments are obtained in the same 
way as shown in the paper. 

The principal labor involved in applying these formulas consists 
in the evaluation of /,., /,,, and J,,, especially where radii 
introduce the additional influence of the flexibility factor. To 
facilitate and expedite the solution of problems, these values can 
be worked out in general terms for a number of layouts to cover 
every probable case, thus reducing the solutions to a routine 
suitable for the drafting room. 


A. E. R. pe Jonae.*. The method of calculating the end re- 
actions of statically indeterminate pipe lines, subjected to heat 
expansion, by means of the “elastic center’’ is, in essence, the ana- 
lytical equivalent of the method which uses the ellipse of elas- 
ticity for this purpose. As far as is known to the writer, the 
method of the “elastic center’? was discovered around 1870 by 
Prof. K. Culmann,® Zurich, by the use of the ellipse of elasticity. 
Only much later did analytically minded engineers transform 
Culmann’s graphical solution into an analytical solution and it 
appears that this was first done by Professor Miiller-Breslau, 
Berlin, who gave the derivation which is now commonly used 
by structural engineers. 

The authors have followed rather closely this latter method 
and have derived the basic formulas by the work equation 
(principle of virtual work). Unfortunately, the authors have 
omitted to give a list of notations, so that it is left to the reader 
to find out for himself, by reference to the formulas, what the 
various symbols mean. 

This leads to confusion, for instance, where ¢,,,, is cited to be 
an angular displacement which, according to Maxwell’s law, 
must be equal to 4,,,, i.e., to a linear displacement. Yet, this 
diserepancy is only apparent, and could have been avoided by a 
more careful explanation. On the whole, however, the deriva- 
tions seem to be correct. 


8 Babcock & Wilcox Company, New York, N. Y. Mem. A.S.M.E. 
* “Die Graphische Statik,’’ by K. Culmann, second edition, 1875, 
pp. 399 et seq. 
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Whether or not the authors can claim the discovery of the 
transfer formula is a matter of opinion because the “‘transforma- 
tion” formula is the usual one employed for deriving the moments 
of inertia of systems for inclined axes, when those for other 
axes are given. Professor Culmann! who was the originator of 
the theory of the “elastic center” was also the first to use this 
transformation formula. However, he used it in a general form 
applicable to any system of coordinates, while the authors have 
taken this formula and applied it to the special case of rectangular 
coordinates. 

The authors claim simplicity, time saving, and elimination of 
sources of error for the method they have presented, but, in 
respect to the last item, their admission is of interest that slide- 
rule accuracy is insufficient and that one set of solutions frequently 
fails to satisfy the equations because an insufficient number of 
significant figures has been used. This fact has recently been 
verified by the writer in the case of a pipe line having great 
length compared with the lateral dimensions. Five-place 
logarithm tables did not give accurate values and six decimal 
places behind the decimal point of all linear dimensions had to 
be used at all times in order to arrive at a correct result. This 
fact makes the calculations for the evaluation of the integrals 
by the method presented by the authors very cumbersome and 
tedious, even when a calculating machine is used. 

The statement is made in the paper that the moments at 
points between the two supports are ‘“‘materially affected by 
slight changes in the values of the end reaction.”” The writer 
finds himself unable to agree with this statement as it is rather 
the moments of inertia and the products moment of the pipe 
line as a whole which considerably influence both the force of 
reaction and the moments between the supports by influencing 
the angle a@ of the inclined axis. For this reason, the greatest 
accuracy has to be exercised in the calculation of these moments 
of inertia and particularly of the products moment. The latter, 
especially, is a source of trouble in so far as the positive and 
negative components often have values of nearly the same order 
of magnitude. However, since it is their difference that counts, 
a large number of significant figures has to be used in order to 
obtain even a moderate degree of accuracy. This is a serious 
drawback to the use of this method. 

' There exists still another difficulty which complicates matters. 
For pipe lines which have great length compared with the lateral 
dimensions, the angle a of the inclined axis becomes very small, 
as a rule less than 5 deg. In that case the ordinary interpolation 
gives quite wrong results and more complex interpolation for- 
mulas have to be used in order to obtain fair accuracy, particu- 
larly when the angle falls below 3 deg. These are serious draw- 
backs which are inherent in the method described by the authors. 

It is not quite clear to the writer why the authors use the terms 
“elastic point” and “neutral point,” when “elastic center’ is the 
standard accepted term. This point is the center of the “elastic 
weights” of the system and its proper designation is, therefore, 
“elastic center,” a term which the authors, by the way, have 
also used. In order to avoid further confusion it appears advis- 
able to adhere to the term “elastic center’ and abandon the 
others used by the authors. , 

Attention to the use of the theory of the “elastic center’ for 

10 Die Graphische Statik,’”” by K. Culmann, second edition, 1875, 
p. 400. 
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the calculation of pipe lines has already been drawn, in 1930, by 
A. A. Bato as well as by the writer in their discussion of a paper 
by Messrs. 8. Crocker and A. McCutchan" in which the authors 
used for the calculation of the reactions in pipe lines, due to 
heat expansion, a method which they called the “graphoanalyti- 
cal’ method. Both Mr. Bato as well as the writer stated at 
the time that the question of plane pipe lines can be dealt with 
much easier by using the ‘elastic center’ of the pipe line as a 
whole, a method well known to structural engineers and used 
by them for decades for the calculation of arched girders. The 
writer had stated further that the solution of this problem is 
most readily accomplished by using the theory of the ellipse of 
elasticity’? to which he had already drawn attention in 1928. 


AuTHOR’s CLOSURE 


The authors, in presenting a new method of calculating piping 
problems, laid no claims to originating a new theory and indeed 
referred to an exhaustive essay on this theory in the bibliography 
of their paper. In view of the fact that general statements of 
possible methods of procedure, such as appear in the discussions 
to several other A.S.M.E. papers on this subject, are of little help 
to the engineer, who may have neither the time nor the inclination 
to engage in theoretical research, the authors went to the root of 
the problem and presented another method, thus enabling the 
engineer to check his calculations by means of dissimilar processes. 

The paper points out, and some of the discussion is in agree- 
ment, that in certain instances a very slight deviation in calcu- 
lated end reactions is sufficient to cause serious discrepancies in 
the calculation of bending moments. Under these circumstances 
it is not worth while to presume that results within the desired 
degree of accuracy can be obtained by graphical methods, particu- 
larly by one requiring the construction of an ellipse. Results so 
obtained can at best be only approximate, and should only be used 
for preliminary design, the final design being based upon the 
results of analytical calculations. 

Mr. Hendrickson’s suggestion, that by redefining some of the 
terms the meth-d may be broadened to include special piping 
problems, is an excellent one. The authors have not studied this 
phase of the subject closely, but it is evident that where the de- 
flections of a pipe line due to its being suspended with spring 
hangers is known, the method can be applied by using the cen- 
troid of elastic weight rather than the static centroid. 

Mr. Petrie’s contribution to the discussion is another way of 
solving the equations given by W. H. Shipman.® It is apparent 
that the coefficients A, B, C, D, G, and H must be computed for 
each pipe line. This can be done by applying the integrated 
formulas given by Mr. Shipman in his paper. In addition there 
remains the problem of solving three simultaneous equations. 

The authors are acquainted with the equations given by Messrs. 
Rossheim and Markl. These equations involve the products and 
differences of very large quantities. Their derivation is not as 
easily demonstrable as is the case with the equations developed 
from the theory of the elastic center. 


11 ‘Frictional Resistance and Flexibility of Seamless-Tube Fittings 
Used in Pipe Welding,’ by S. Crocker and A. McCutchan, Trans. 
A.S.M.E., vol. 53, 1931, paper FSP-53-17. See discussion pp. 234- 


237. 

12 “Graphical Methods for Least Squares,’”’ by E. O. Waters, 
Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM-51-18. See 
discussion pp. 209-210. 
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Water Gaging for Low-Head Units 
of High Capacity’ 


Lewis F. Moopy.? The writer feels that Mr. Mousson and the 
other members of the Engineering Staff of the Safe Harbor Water 
Power Corporation, as well as the executives of that company, 
deserve the appreciation of all engineers working in the hydraulic 
field for the tremendous expenditure of time, effort, and financial 
outlay involved in the long series of researches on current-meter 
measurement which they have carried out, and that Mr. Mousson 
deserves our thanks for the thorough and careful presentation of 
the methods and results which he has given in this paper. 

The excellence of the test equipment used at Safe Harbor and 
the meticulous regard for detail are evident from the paper, and 
much credit is due the testing organization for their efforts to 
insure exactness of measurement. In the writer’s opinion, how- 
ever, two major questions stand out, which no amount of refine- 
ment in equipment and procedure can circumvent. The writer 
wonders (1) whether the metering section itself was adequate for 
a precise measurement, and (2) whether, with the high degree of 
turbulence superposed on the obliquity of flow existing over a 
considerable part of the section, the two-meter angular-correction 
method would necessarily assure dependable results. The be- 
havior of the meters themselves showed a high degree of obliquity 
of flow and turbulence, both when the false roof was used, and 
when it was omitted. The turbulence is readily accounted for 
by the presence of the rack structure immediately upstream 
from the section of measurement, including 24-in. I-beams and 
closely spaced intermediate beams. The corrections required by 
the two-meter method were large; and the writer believed when 
the tests were called to his attention that insufficient evidence 
existed to demonstrate the correctness of the assumptions on 
which the method is based, when applied in the new manner and 
under the extreme conditions here involved. The writer also 
believed that the Safe Harbor organization would welcome any 
light which could be thrown on these questions, and they have 
shown an open-minded attitude and have heartily cooperated in 
efforts to investigate the problem by certain special experiments, 
suggested by the writer, and carried out at the Princeton Engi- 
neering School. As a supplement to Mr. Mousson’s paper the 
writer will describe briefly these experiments,’ which were made 
possible by the Safe Harbor Company in loaning for use in these 
experiments four of the meters used in their tests. The work was 
carried out under the direction of the writer and Prof. A. E. 
Sorenson, by two graduate students, L. F. Moody, Jr., and 
R. S. Hackett. The Safe Harbor Company have recently 
taken two further steps which should be most effective as demon- 
strations of the dependability or limitations of the method when 
applied as described in Mr. Mousson’s paper. These steps in- 
clude a test with the racks and supporting structures removed, 
using the type-1 and type-3 meters; and a Gibson test. The 
comparison of the results by these two new tests with those ob- 
tained under the conditions described in the paper should be most 
illuminating. 

Before describing the Princeton experiments,* the writer would 
explain his reasons for doubt as to the dependability and pos- 
sible limitations of the two-meter angular method. The oblique 
calibration of meters, and the two-meter angular method, were 


1 Published as paper HY D-57-10, by J. M. Mousson, in the August, 
1935, issue of the A.S.M.E. Transactions. 

? Professor of Hydraulic Engineering, Princeton University, 
Princeton, N. J. Also Consulting Engineer, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.E. 

3 Described by L. F. Moody, Jr., and R. S. Hackett in their theses 
submitted as partial requirement for an advanced degree, Princeton 
University, Princeton, N. J. (Unpublished.) 


proposed by the writer about twenty years ago, and a considerable 
amount of laboratory research was carried out at Rensselaer 
Polytechnic Institute at Troy, N. Y.4. The method was actually 
applied by B. F. Groat and the writer to the flow measurement 
of the Illinois River at Massena, IIl., in 1914. 

The object as explained by Mr. Mousson, is to correct the re- 
sults based on the still-water calibration of the meters for the 
effect. of obliquity of flow encountered in running water. That 
the method is logical when applied to flow of permanent obliquity 
seems reasonable; but whether it is dependable for highly eddy- 
ing or turbulent flow involves other considerations. The com- 
plexity of the flow conditions encountered by individual vanes of 
a meter, when passing through a body of water filled with moving 
eddies, defies analysis. At times, as pointed out by Mr. Mousson, 
even when the average obliquity of flow is not great, a meter will 
stall, as shown by its record; but even before this extreme condi- 
tion is met, the meter may fluctuate greatly in speed and may 
momentarily stall without making the action evident in its record; 
and individual blades may stall or greatly vary in their action 
without stalling the meter. When the two-meter method was 
proposed, it was the thought that if two meters are used 
in flowing water, one of which slightly overregisters, and the 
other slightly underregisters, as shown by their oblique still- 
water ratings, and if the flow is sufficiently smooth to give meas- 
urements by both meters which differ by only a small amount, 
the true answer must lie somewhere between the two results, 
and that a weighted mean derived from the angular calibrations 
would best represent the probable flow. 

When, however, as at Safe Harbor, both meters underregister 
in steady oblique flow, and when, as in the case of the conical- 
screw type-2 meter, the underregistry is great, and when further, 
the flow is highly turbulent, the extension of the method to 
the point of extrapolating the result above the indications of 
both meters appears to introduce new questions and doubts. 

The most dependable answer would be the comparison of the 
results with a direct volumetric measurement, or with a measure- 
ment by a method of demonstrated accuracy. Unfortunately, no 
entirely satisfactory evidence of this kind is known to the writer. 
The Walchensee (Obernach) tests, referred to by Mr. Mousson, 
were not at all satisfactory, and Mr. Mousson in his discussion® 
of Hunter Rouse’s paper pointed out their limitations. They 
did not involve, for example, the use of a battery of meters, but 
only one of each type, and the spread of the results was so great 
that the variations exceeded the small differences in question. 
The Holtwood tests were made under such smooth flow conditions 
that the two-meter method may well be applicable to such flow, 
and throw no light on the phenomena of highly turbulent flow. 

It was the writer’s opinion that if the water in a rating flume 
were disturbed by lateral jets of water introducing no longitudinal 
components in the direction of motion of the rating car, the effect 
of at least one kind of turbulence should be clearly evident. 
While the meter registration could still be compared with the 
actual speed of the car, the meter would be passing through dis- 
turbed water instead of still water. If the two-meter angular- 
calibration method is to be above suspicion, it should give, from 
the readings of the two meters, the correct speed of the car by 
calculation from the angular-correction curves. The experiments* 
conducted by L. F. Moody, Jr., applied this principle. 

Three water jets were introduced from the side of the rating 


4‘*Measurement of the Velocity of Flowing Water,’’ by L. F. 
Moody, Proceedings of the Engineers Society of Western Pennsyl- 
vania, vol. 30, no. 4, May, 1914. Also discussion of this paper in 
vol. 30, no. 5, June, 1914. 

5 J. M. Mousson’s discussion of ‘Research Institute for Hydraulic 
Engineering and Water Power,” by Hunter Rouse, Trans. A.S.M.E., 
vol. 55, no. 10, 1933, paper HY D-55-3. 
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tank and diffused somewhat by spiral baffles in the nozzles, the 
arrangement being shown in Fig. 1 of this discussion. Fig. 2 of 
this discussion shows the distribution of the lateral flow. All de- 
tails of procedure and diagrams showing the results are available 


Fig. 1 ARRANGEMENT OF JETS IN THE FLUME 
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in the thesis.* A tabulation of the results for three velocities of 
the car are given in Table 1 of this discussion. It will be seen 
from this table that the application of the angular two-meter 
method of calculation to the registrations of the meters did not 
give the actual speed of the car, but a value higher than the true 
speed. The author of the thesis concludes: “It is evident, how- 


TABLE lt RESULTS OF PRINCETON TESTS 
Left- Right- Left- Right-  Left- 
hand hand hand hand hand 
meter meter meter meter meter 
True velocity of car V, 
3.5 
Velocity recorded by 
type-1 meters based 
on still-water rating, 
Vi, with jets in 
action. Length of 
run = 40 ft 


3.502 3.498 
Average Vi 


3.500 


Velocity recorded by 
type-2 meters, based 
on still-water rating, 
Veo, with jets in ac- 
tion. Length of run 
= 40 ft 


Average V3.......... 


Differences of recorded 
velocities by type-1 
and type-2 meters in 
per cent of velocity 
of type-1 meter = 
{(Vi — Ve)/V1]100 

Correction, by angular 
method from angu- 
lar-correction chart, 
in per cent of Vi. 


Derived or computed 
velocity by angular 
method = 

100 + angular correction 


Error angular 
method, in per cent 
of true velocity of 
car = 


Derived vel. — true vel. 


True vel. 
00 520 1.000 556 


ever, from calibration sheet III that the tendency is, by the 
angular method, to give increasingly greater error with increase 
in turbulence.” 

Mr. Mousson in a very constructive discussion of this thesis 
has analyzed the results by applying the oblique calibration 
curves to the instantaneous velocities encountered throughout 
the run, and by integration has thus accounted theoretically for 
the nature of the results. However, when the two-meter method 
is applied in the field, it is impossible to analyze and to integrate 
the instantaneous actions, and the method is applied to the over- 
all result, just as was done in these experiments. 

Mr. Mousson also pointed out that the type-2 meters were 
subject to stalling at the instant of encountering the maximum 
lateral velocity. This condition may also exist in the field, and 
undoubtedly does in the Safe Harbor tests with this meter. 
Moreover, partial stalling or stalling of single blades, may occur 
even when the turbulence is much reduced. The plotting of the 
results showed that while the error decreases with decrease in 
relative turbulence, it does not disappear within the range of 
the tests. 

The second investigation, carried out by Mr. Hackett, was 
directed toward the effect of pulsations in magnitude of the ve- 
locity, rather than its direction. The tests were for the same pur- 
pose as those described by Mr. Mousson, made at the Bureau of 
Standards by varying the car speed. In the Princeton tests, how- 
ever, the test could be made much more accurately. The meters 
were mounted on a swinging frame, which was oscillated through 
a small angle by a crank and link, driven from an axle of the ear. 
The oscillation was such as to vary the meter speed without 
reversing it. As might be expected from the helicoidal generating 
lines of the meter blades, and as previously found by Yarnell and 
Nagler,® with meters oscillated about a fixed point, in running 


¢ “Effect of Turbulence on the Registration of Current Meters,” 
by D. L. Yarnell and F. A. Nagler, Transactions of the American 
Society of Civil Engineers, vol. 95, 1931, p. 766. 
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water, the pulsations were found to have no effect on the meter 
registration. 

A few further points regarding the Safe Harbor tests might 
be mentioned. It is believed that the choice of the conical-screw 
type-2 meters, was unfortunate, due to the form of the propeller 
which has curved generating lines and which gives for lateral 
components of flow an effect approaching that in a cup meter, 
tending to pick up turbulence in a manner similar to a Price meter, 
but in a direction to retard the meter. This point seems to be 
borne out by the Princeton experiments.’ 

The writer also believes that the combination of the type-1 and 
type-3 meters is unsatisfactory for the reason that since there is 
so little difference between their angular characteristics, the correc- 
tion called for by the two-meter method is more than 50 per cent 
greater than the difference between their indicated results. That 
is, it would be necessary to extrapolate to get the supposed true 
value to an extent much greater than the difference detected in the 
tests. When the method is applied to tests made successively and 
not simultaneously, the difficulty in preserving exactly constant 
flow conditions, and the inevitable variations in results experi- 
enced in repeat tests of a turbine, may completely distort the 
relatively small differences due to the change in meter type and 
give a totally unreliable final result. For example, if the two 
types of meter give indications differing by 0.7 per cent, and if 
the measurements are both subject to an error of only 0.25 per 
cent, then the final calculated flow may be anything within a 
range of over two per cent, or the result would be subject to an 
error of over + 1 per cent. 

As to possible lines of further development, directed toward 
overcoming the difficulties inherent in the problem of precise 
measurement by current meter, the writer believes it would be 
worth while to direct further attention to the meter itself. It 
should be possible to develop axial-flow meters having very slight 
underregistering characteristics, and also meters slightly over- 
registering in oblique flow. Some progress was made at Rens- 
selaer Polytechnic Institute at Troy, N. Y., in this direction prior 
to 1915. One method was the use of a stationary circular shield 
around the propeller. A paper by F. Anlauft? shows such meters 
developing promising characteristics. 

In conclusion, the writer expresses the hope that Mr. Mousson 
and his associates will be able to continue their valuable researches 
in this field, and that further clarification of the problem will 
result from their work. 


F. H. Rogers.* The paper is a valuable contribution to the 
subject of current-meter testing in large intakes of hydraulic 
turbines. The excellence of the equipment, and the great care 
taken in testing were justified by the consistency of the results 
obtained. The author points out clearly the importance of care- 
fully considering the types of meters to be selected and the great 
accuracy required in the meter calibrations. 

The accuracy of the field tests made by the two-type current- 
meter method is based on the assumption that angular still- 
water calibrations can be used to correct the meter registration 
in flowing turbulent water without conclusive proof of such as- 
sumption. 

The author describes a calibration test of this method made 
previous to the field tests in which the meters were installed in 
flowing water in the flume at the Holtwood Laboratory, and the 
readings compared with the actual discharge obtained from a 
calibrated venturi meter and states that this test gave satis- 


7 “Hydrometrische Fliigel bei schriger Anstromiing,” by F. An- 
lauft, Mitteilungen des Hydraulischen Institute der Technischen 
Hochschule Miinchen, vol. 5, 1932, pp. 1-20. 

*Chief Engineer, I. P. Morris Division, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.E. 
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factory results. From a study of the results of this test, shown in 
Table 1 of the paper, it appears that the flow conditions in the 
Holtwood flume differed considerably from those existing in the 
metering sections of the large turbines. For example, in the flume 
at Holtwood the difference between the registration of the meters 
was only 0.51 per cent for smooth flow and 1.69 per cent for 
rough flow, requiring, even for rough flow, a correction to type-1 
meter of only 0.49 per cent, and indicating but very little ob- 
liquity. 

In the field tests, however, the following readings were obtained: 

1 Unit with false roof: (a) The difference in registration of 
the meters was 3.9 per cent, (b) the correction to the type-1 meter 
was 1.06 per cent, and (c) the corresponding angularity was 10.5 
deg. 

2 First test on the unit without false roof: The type-2 meter 
stalled at certain locations, indicating an angularity of flow in 
excess of 34 deg at these points. 

3 Final test on the unit without false roof using type-1 and 
type-3 meters: (a) The difference in registration of the meters 
was 0.7 per cent, (b) the correction to type-1 meter was 2.1 per 
cent, and (c) the corresponding angularity was 14 deg. 

The flow conditions at the metering sections of the turbines, 
therefore, are not truly comparable with the conditions in the 
Holtwood flume. 

In describing the tests on the unit with the false roof the author 
emphasizes that the effective obliquity of 10.5 deg, obtained from 
the angular still-water ratings, is to a considerable extent an 
effective angularity of individual water particles and flow fila- 
ments rather than a general obliquity of flow. This rather erratic 
behavior of separate water particles is certainly true, as proved 
by many experimenters, and has been mentioned in two other 
papers.®:! 

A comparison between the physical conditions at the meter 
during the angular still-water rating and the field tests is here 
suggested for consideration. 

1 Angular still-water rating: 

(a) At a given point on the meter, during the registration 
period, the obliquity and velocity are constant. 

(b) At any given time during the registration the obliquity 
and velocity are constant across the entire face of the meter. 

2 Field tests: 

(a) At a given point on the meter during the registration 
period both the obliquity and velocity vary. 

(b) At any given time during the registration there is a varia- 
tion in obliquity and velocity across the face of the meter. 

Considering these wide differences in flow conditions, there 
appears to be little foundation for assuming that the correction 
curves obtained from the angular still-water rating can be applied 
to the field results, particularly where turbulence is present. The 
possible error is shown by the conclusion reached by Mr. Mousson 
that the discharge recorded by type-1 meter must be increased, 
and Mr. Kerr’s'® findings that the discharge recorded by this 
meter should be decreased. 

It is to be hoped that the valuable research work accomplished 
by the Safe Harbor Power Corporation and others can be con- 
tinued in order to eliminate the remaining uncertainties in this 
method of water measurement. 


J. F. Rosperts.!' A most important contribution to the art 


*“Photoflow Method of Water Measurement,”’ by W. M. White 
and W. J. Rheingans, Trans. A.S.M.E., vol. 57, August, 1935, paper 
HY D-57-7, p. 273. 

10 “Research Investigation of Current-Meter Behavior in Flowing 
Water,”’ by S. Logan Kerr, Trans. A.S.M.E., vol. 57, August, 1935, 
paper HYD-57-9, p. 295. 

11 Hydraulic Engineer, Power Corporation of Canada, Ltd., Mon- 
treal, P. Q., Canada. 
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o; water measurements by means of current meters has been de- 
scribed in Mr. Mousson’s paper. It is a fact that by slowly mov- 
ing the meters over the area to be metered, the mean velocity 
of that area is obtained just as accurately as though the meters 
had been stopped at designated points and a large number of 
point velocities computed. The writer ventures to say that any 
tests in the future, where current meters are used, will follow 
this procedure. 

In the writer’s opinion, Mr. Mousson is very conservative 
when he states the saving in computation time effected by the 
traversing system or vertical integration method. One day per 
test for computations instead of four days is certainly a worth- 
while saving but the writer believes this could be even further 
decreased and still obtain reasonable accuracy with the integrat- 
ing system. With this system it should be feasible to eliminate 
the recording charts and use a cyclometer which reads directly 
the net forward revolutions of the meter. It might even be 
feasible to so mount one meter that it could be traversed both 
vertically and horizontally, thus further decreasing the cost of 
instruments and simplifying the computations, although slightly 
increasing the testing time. 

The writer has one question: Under part (c) of “Testing Pro- 
cedures and Computations,” page 312, the author mentions the 
necessity of correcting the runs for type-1 and type-2 meters for 
the same turbine output, according to the readings of the piez- 
ometers recording on the index system. How much actual correc- 
tion was necessary between comparative tests with type-1 and 
type-2 meters when the load was presumably constant? In 
other words, was there any appreciable change in flow during 
a test? 

About three years ago the writer was interested in current- 
meter tests conducted on the 12,000-hp, adjustable-blade propeller 
turbines operating under a head of 26 ft at the Back River plant. 
Five current meters of the Texas-Ott V-type, with three square 
vanes mounted on radial spokes, were used. These were similar 
to the type-1 meter used by the author, and were also provided 
with plaster template molds and a 10-pen graphic recorder, the 
action of which was very similar to the author’s. The pitch of 
the meters was about 25 cm, or the same as those used by Mr. 
Mousson. These meters were mounted on a horizontal bar fixed 
into guides which fitted into the head-gate slots, the whole being 
raised and lowered by the gate-house crane. 

The Back River turbines have three openings, each 15 ft wide 
by 25 ft deep. Readings were taken at seven different elevations, 
giving 35 readings per opening, or 105 readings per test. Compu- 
tations were simplified as much as possible, because relative per- 
formance between different runner tilts, gate openings, and be- 
tween units built by two different manufacturers was the answer 
wanted. Since all of the meters had practically the same rating 
coefficient, the meters were so distributed that the same coefficient 
could be used for all meters. With each reading representing 
approximately equal areas, all the readings were converted to 
velocity after which the 105 readings per test were averaged. 

Results were very satisfactory. Points could be duplicated 
within 0.5 per cent and results, when plotted, formed remarkably 
smooth curves. A maximum overall efficiency from water to 
switchboard of about 88 per cent was obtained. While it was 
felt that this was possibly 2 per cent to 3 per cent on the high 
side, it was considered very satisfactory for our purpose. From 
the test results splendid operating curves could be constructed 
showing how to generate the greatest number of kilowatt-hours 
under all conditions. 

Based on Mr. Mousson’s paper, the writer would conclude 
that the type of flow meter used by the writer would underregis- 
ter between 1 per cent and 2 per cent, so that his results should be 
decreased by that amount. 
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Personally, the writer believes that satisfactory test results 
can be obtained by the use of current meters and there is no doubt 
but that Mr. Mousson has contributed a large amount of useful 
information whereby future tests cannot only be made cheaper, 
but also better. 


W. M. Warre" ann W. J. This paper gives an 
excellent account of the difficulties encountered in the measure- 
ment of large quantities of water with current meters, especially 
if turbulent flow is present. The Power Company that made 
the tests is to be congratulated upon the perseverance shown and 
the time and money spent in trying to arrive at the facts. Cer- 
tainly all details of testing, application, and computation were 
carefully made and all possible sources of error were investigated. 

However, Mr. Mousson apparently is not very familiar with 
the work done with current meters in testing hydraulic power 
plants in the United States and Canada. Up until 1923, before 
the Allen salt-velocity and the Gibson methods were first intro- 
duced, the current meter and pitot tube were about the only 
available means for measuring large flows, with the exception of 
an occasional weir test or a laborious salt-titration test. Since 
the pitot-tube tests were confined largely to a few high-head 
plants, the current meters were quite extensively used for testing 
hydraulic power plants. 

The difficulties encountered and the unsatisfactory results ob- 
tained in turbulent flow prompted the development of other 
methods of water measurement. At the same time, every at- 
tempt was made to obtain accurate tests with current meters. 
Many of the improvements mentioned by Mr. Mousson as having 
been recently developed in Europe were used in the United States 
and described in publications ten to twenty years ago. For 
instance, the movable supporting frame for multiple meters was 
used at the Massena tests in 1914, and was described in detail by 
Benjamin Groat in a paper" presented before the A.S.C.E. In 
this particular test the velocities were measured at 100 points in 
a cross-sectional area of 625 sq ft, which compares favorably with 
the number of metering points being recommended for present- 
day practice. 

Use was also made of the two-type current-meter method of 
measurement cf turbulent flow. A Haskell and an Ott meter were 
used, both of which underregistered the cosine component of 
angular flow. The discharge corrections were applied by plotting 
composite curves very much similar to those described and shown 
in the paper by Mr. Mousson. 

The two-type current-meter method as used at Massena in 1914 
and as described by Mr. Mousson for the Safe Harbor tests, is 
based entirely on the theoretical assumption that turbulent flow 
can be resolved into the two simple elements of angular flow 
and variations in the velocity of the forward flow. From this 
assumption it is concluded that the current meter will perform 
exactly the same in turbulent flow as when rated in still water at 
various angles to the direction of motion of the rating car. 

If this is true then a current meter which will underregister 
the cosine component of angular flow when rated in still water, 
will always underregister in turbulent flow and will never over- 
register. Similarly, a current meter which overregisters the 
cosine component of angular flow will always overregister in 
turbulent flow and will never underregister. 

That this is not the case was proved by tests made by Yarnell 


12 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 

13 Test Engineer, Hydraulic Department, Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis. 

14 “‘Chemihydrometry,” by B. F. Groat, Trans. A.S.C.E., vol. 80, 
1916, paper 1366, p. ; 
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and Nagler.® In these tests current-meter traverses were made 
in a 3-ft X 4ft flume with various types of turbulent flow. It 
was found that the Ott meter, which underregisters the cosine 
component of angular flow in still water, would overregister by 
as much as 50 per cent in certain types of turbulent flow and under- 
register as much as 20 to 30 per cent for a different type of turbu- 
lent flow. The same was true of the Hoff meter. On the other 
hand, the Price meter underregistered 17 per cent for one type of 
flow and overregistered 54 per cent for another type. It is true 


- that Yarnell and Nagler® used only a single rotation for each meter, 


but they made tests with a four-blade Hoff meter which had a 
right-hand rotation and an Ott meter having a left-hand rotation. 
Both meters showed the same characteristic of underregistering 
or overregistering a certain type of turbulent flow, showing 
that the direction of rotation had very little effect on the results. 

Just such variations as were obtained with the Ott, Hoff, and 
Price meters in turbulent flow by Yarnell and Nagler,* may be 
expected in field tests where it is impossible to determine what 
type of turbulent flow is present. As long as there is a possibility 
that the meters may show variations from a minus 30 per cent to 
a plus 50 per cent for various types of turbulent flow, any attempt 
to measure the turbulence and correct for it by using differences 
of indicated flow as small as 2 or 3 per cent between two types of 
meters, is bound to be a failure. 

Up to the present time the preponderence of evidence is against 
the two-type current-meter method. As stated before, it is 
based entirely upon a theoretical consideration of being able to 
resolve turbulent flow into simple elements. The only practical 
proof so far has been a test made at Holtwood, mentioned by 
Mr. Mousson. However, the amount of disturbance introduced 
by the racks in this test was apparently very small as compared 
to what can usually be expected in field tests. 

Therefore, before the two-type current-meter method of testing 
can be accepted for measuring turbulent flow, extensive tests 
will have to be made similar to the ones stated by Yarnell and 
Nagler,® in which current-meter traverses are made in all types 
of turbulent conditions with a known quantity of flow. These 
tests would have to show conclusively that the two-type method 
with the meters adopted gives accurate results for all types of 
turbulent flow and under all possible conditions which may be 
encountered in the field. 


P. F. Dane. Progress in hydraulics has always depended 
upon accuracy in water measurement. No theory can be con- 
structive unless it can be checked, and in most cases it may be 
assumed that theories used in design are no more accurate than 
the measurements themselves. 

For a number of years many laboratories have been conducting 
model tests having an accuracy of 0.5 per cent but in most cases 
field tests have not attained by any means this same degree of 
accuracy. The author’s contribution takes us one step farther 
toward accurate field tests. 

This is of prime importance, not only in ascertaining the per- 
formance of the units, but also in giving the designer new data to 
assist in improving design theories and in enabling closer predic- 
tion regarding the performance of future units. Unfortunately, 
with most of the accumulated data the trends which the designer 
is eager to discover are overshadowed by the errors in the test. 
This is particularly true in large low-head developments, which, 
as new comers into the field of power development, require special 
adaptation of older test methods and the development of new. 

Most laboratories resort to rating with a moving car running 
above a still-water flume. Errors in the length of travel or in 
the corresponding time are easy enough to avoid, but, neverthe- 


18 Research Engineer, Ateliers Neyret-Beyler and Piccard-Pictet, 
Grenoble, France. 


less, have not been uncommon and still are a probable cause of 
many inaccuracies. ‘ The influence of disturbances in the rating 
flume can, as pointed out by the author, account for further dis- 
crepancies, while unsteady motion of the car, resulting from mis- 
alignment of the rails may introduce still further errors. In this 
case the consistency of the test points is impaired and the ac- 
curacy becomes less. 

The new way of plotting the test points shown in Fig. 15 
illustrates certain features of a meter’s behavior at low velocities. 
These are of interest not only in rating the meter, but also in 
designing new meters. Literature on meter testing is abundant, 
but that on meter design is searce and much needed. 

Systematic tests with different grades of oils with various 
viscosities are of great practical importance since the effect of 
viscosity has too often been overlooked. The writer knows of 
cases where tests have been in error by more than 3 per cent 
through the use of improper oil. 

Inasmuch as there appears to be no possible way of rating 
accurately in flowing water, some method of using still-water 
ratings in turbulent flow must be resorted to, and therefore this 
paper is a valuable contribution on this subject. 

It may be mentioned that in Europe the one-meter method is 
usually employed, and if the location of the test section is ap- 
propriate comparatively little error arises. The two-meter 
method may be recommended in cases where there is steady 
oblique flow as is frequently the case in converging flumes or 
penstocks, as well as in bellmouths with good approach condi- 
tions. For such tests, type-1 and type-3 meters of the paper, 
would apparently be suitable provided that the type of meter 
which is used has appropriate characteristics, as pointed out by 
the author. 

In pulsating flow, with more or less periodic obliquity of flow, 
the accuracy of the two-type-meter method is probably greatly 
impaired and the advantage over the one-meter method is not so 
distinct as with steady oblique flow. 

The practical range of application of the two-type-meter method 
is then not as great as it might appear at first thought. In decid- 
ing, therefore, between the use of the one-type meter and the 
two-type-meter method, a careful study of hydraulic conditions 
must be made. Other things being equal, the former method will 
often be resorted to for simplicity, low cost, and because it is 
better understood. Nevertheless, with steady converging flow, 
the latter method is probably the most accurate way of using cur- 
rent meters. 

Improvement in the design of current meters will undoubtedly 
tend to widen the range of accurate application of the one-meter 
method, and the author’s work in developing his type-3 meter is 
a step forward in this direction. 


AvuTHOR’s CLOSURE 


Because of the turbulence caused by the trash racks, Professor 
Moody doubts whether the gaging sections available at Safe Har- 
bor were adequate. He believes, however, that a current-meter 
test without the trash racks and a Gibson test would be most effec- 
tive in demonstrating the dependability or the limitations of the 
two-meter method. 

In the original paper, page 314, in the next to the last para- 
graph, the following statement was made in regard to the tests 
without the racks: “The results indicated that the effective 
obliquity was slightly less when compared with the one previously 
obtained. The discharges, however, as indicated by the two- 
type-meter method were identical for both series of tests.’’ To 
elaborate somewhat on these results a detailed comparison is 
given in Table 2, using the Winter-Kennedy piezometer system 
as a parameter. The data presented show that the two-meter 
method properly accounted for the presence or absence of the 
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trash racks as identical corrected discharges were obtained in 
either case. 


TABLE 2 COMPARISON OF yet lal AND WITHOUT TRASH 


Unit with trash 
racks and without 
false roof 
= 5006 x JD0-4950 
Qi = 4964 X D&-4950 


Unit without trash 
racks and without 
false roof 
Qs = 5021 
Qi = 4989 D0.4950 


Type 3 current meter 
Type 1 current meter 


Difference in coefficients... ... 42 32 

Correction to type 3 ; 3/2 X 42 = 63 3/2 X 32 = 48 

Corrected discharge equation. Q = (5006 + 63) X Q = (5021 + 48) x 
D29.4950 


= 5069 D0.4950 = 5069 


The comparison of the Gibson and current-meter tests on this 
unit shows a difference of less than 1 per cent. Certain correc- 
tions must be made to the Gibson measurements; according to 
Professor Thoma’s paper'® a correction of about 0.5 per cent is 
necessary in the case of Safe Harbor. After allowing for the 
difference in head, which was more favorable during the Gibson 
test, the two methods agree within 0.2 per cent for peak efficiency. 
The close agreement between the two methods on this unit is very 
remarkable. 

It may be well to consider the Princeton experiments in greater 
detail, particularly the results given by Professor Moody in 
Table 1. His argument, in brief, is that inasmuch as the type-1 
meter seems not affected by the turbulence or obliquity intro- 
duced by the jets (compare V with V; in Table 1) and type 2 is 
affected, a correction applied to type 1 on the basis of the per- 
formance of type 2 is unnecessary and false. The results of these 
experiments at Princeton can be clearly shown graphically, and 
Fig. 3 is based on the original data put at our disposal by Pro- 
fessor Moody. Left- and right-hand meters are combined on the 
same plot; this is permissible since runs were made for each 
meter in both directions. It is apparent that turbulence as pro- 
duced in the flume not only affected the type-2 meters, but also 
the type-1 meters. The average curves are drawn to show, as 
well as possible from the scattered points, the apparent average 
effects. Knowing the distribution of the crosscurrent and the 
meter ratings in oblique flow, the theoretical underregistrations 
for each meter type can be computed for the particular conditions 
of these experiments. This has been done for both types of me- 
ters and for the runs of 40 and 60 ft, see Fig. 3. 

The agreement with the experimental data is naturally not per- 
fect, nevertheless it is sufficiently close to show in a striking man- 
ner that given the distribution of crossflow and the oblique rat- 
ings of the meters, the results actually obtained could have been 
predicted surprisingly well. It was to be expected that the points 
for the type-2 meter should fall below the observed curve because 
the theoretical calculations could not take into account the effect 
of friction in starting the propeller after it had stopped. It 
seems of utmost importance to note that the trend of the curves is 
such that the expected ratio of underregistration of the two-me- 
ter types is approached as the velocity increases. Since this 
ratio is about 1 to 4 the results indicate that this ratio may be 
attained somewhere around 6 ft per sec. It is evident that all 
tests at Princeton were made within a velocity range where the 
jets produced an angularity sufficient to stall the type-2 meter; 
therefore, no proper results could be obtained. Although ex- 
trapolations are often dangerous, the trend of the results clearly 
indicates that the two-meter method would have been substan- 
tiated for higher velocities where the limitations of neither of the 
two meters are exceeded. 

Professor Moody fears that, as a result of test errors inherent in 
each method, the correction applied may be too large, particu- 

te “Concerning the Degree of Accuracy of the Gibson Method of 


Measuring the Flow of Water,” Trans. A.S.M.E., vol. 57, 1935, 
paper HYD-57-4, pp. 203-211. 
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larly when the correction is greater than the small difference be- 
tween the oblique flow characteristics of type 1 and type 3. 
Professor Moody assumes an individual error for each type of 0.25 
per cent and suggests an overall error for the two-meter method of 
+1 per cent. 

In the first place we must classify errors into two groups, one 
consisting of systematic errors inherent to the method, and a 
second group comprising accidental errors. If measurements 
with both meters are made by the same method, identical except 
for difference in pitch of the meter, we may safely assume that the’ 
systematic error affects the measurements with each type of me- 
ter by the same percentage and in the same direction. There 


-8 - 
-7 

-6 

-5 


DEPARTURE IN ® FROM STILL-WATER RATING 


2 3 sid 
: VELOCITY IN FEET PER SECOND 
Leoen 
© Type | Meter 
© 40 FT RUN WITH JETS 
& Anciyticel effect Type | Meter 
@ Anciytice! effect Type 2 Meter 


-6 


DEPARTURE IN % FROM STILL-WATER RATING 


VELOCITY IN FEET PER SECOND 
60 FT. RUN WITH JETS 


Fic. Grapnic ANALYSIS OF PRINCETON TESTS 


results an overall systematic error which is neither increased nor 
decreased by using more than one meter. On the other hand ac- 
cidental errors have actually been determined for each individual 
group of tests, and it is not necessary to assume an error of 0.25 
per cent as suggested by Professsor Moody. For the measure- 
ments made with each type of meter as shown on page 315, Table 
4, of the paper, the accidental error or relative precision was 
found to be: 6; = +0.054 per cent. 

We can now compute the accidental error for the two-type- 
meter method using type-] and type-3 meters as at Safe Harbor, 
having pitches of 25 and 15 cm, respectively. We know that 
6, = 6; = +0.054 per cent. Hence the accidental error of the 
two-meter method is: 


15 
= —_—_——_ 2 2 
2515 Vi, + 63 


since 6; = 63 
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= 6 (1+1.5-V 2) = +£0.17 percent 


It is easy to see that the actual accidental error of +0.17 per 
cent compares favorably with the assumed value of + 1.0 per cent 
given by Professor Moody. 

As Professor Moody seems concerned about the error arising 
from using a correction which is larger than the difference between 
the two meters, it is of interest to compute the accidental error 
for the two-meter method using current meters of 15 and 30 cm 
pitch. In this case the discharge correction to the meter with the 
smaller pitch would be equal to the difference established by the 
two meters. Assuming the same relative precisions for the in- 
dividual series as determined for the Safe Harbor tests, that is: 
b5 = 59 = +0.054 per cent, the accidental error for the two- 
meter method would be 


15 
V ous? + 5307 = (1 + V2) 
30 — 15 
= +0.13 per cent 


It may be seen that the difference between the accidental errors, 
using a somewhat more suitable ratio of pitches than those actu- 
ally used at Safe Harbor is only 0.04 per cent, which is indeed 
a completely negligible amount. 

Efforts to bring the oblique-flow characteristics of propeller 
meters closer to the cosine or ideal meter registration by means of 
shrouding are interesting and commendable. All results so far 
available, however, have shown that little hope may be enter- 
tained for success. Although the performance is improved for 
angles up to 15 deg, the oblique-flow characteristics are seriously 
impaired for higher angles; in this range a definite and undesir- 
able break occurs in the curve obtained when plotting under- 
registration versus angle of obliquity. Since under almost any 
field conditions for low head units obliquities in excess of 20 deg 
must be reckoned with, the use of one single type of shrouded 
propeller meter cannot be considered at the present time. 

In order to show what may be expected of current meters with- 
out shrouding, the characteristics of a family of three-spoke, vane- 
type propellers is reproduced in Fig. 4. It may be seen that the 
ideal current meter for this family will have infinite speed as the 
pitch appears to be zero. From a practical point of view a pitch 
of 10 em may be the lower limit at the present time. 

Mr. Rogers seems to believe that the Holtwood tests cannot be 
compared with the field conditions because the effective obliqui- 
ties were so much smaller at Holtwood than those encountered 
in the field. The underregistrations for the type-1 meter for the 
Holtwood laboratory tests and the field tests are given in Table 3. 


TABLE 3 COMPARISON OF UNDERREGISTRATION 


Underregistration of 
type-1 meter, in per 


Test no. Type of test cent 
1 Holtwood flume with stilling racks.............. —0.20 
2 Meo ood flume without stilling racks. . —0.49 

3 $.H. unit with false roof and with trash racks. 

4 unit without false roof and with trash 
racks. Meters in emergency gate slots.. —2.09 

5 S.H. unit Without false roof and without trash 
racks. Meters in emergency gate slots........ —1.60 


A comparison of tests 4 and 5 in Table 4 shows that the in- 
fluence of the trash racks is 0.49 per cent. If a test had been 
made on the unit with the false roof but without the trash racks, 
the underregistration of type 1 would have been in all probability 
close to (1.06 per cent — 0.49 per — = 0.56 per cent, that is a 

value almost as small as that of test 2in Table 3. Obviously the 
underregistration would be slightly more for such a test; even 
with the false roof the approach conditions in the short intake 
could not have been so good as in the Holtwood flume under the 
conditions prevailing without stilling racks. It is believed that 


the results as obtained and as given in Table 3 show that the flow 
conditions in the laboratory flume and in the field are comparable. 

In view of the current-meter tests at Eddystone, Mr. Rogers 
seems inclined to believe that propeller meters may overregister 
in turbulent flow. It should be borne in mind, however, that 
during these tests water was not measured by means of current 
meters but by a pitot tube, subject to inherent errors in turbulent 
flow. Losing sight of this fact erroneous conclusions will neces- 
sarily result.!7 Furthermore, if Mr. Kerr’s conclusions were cor- 
rect, that is, that the type-1 meter overregisters by 5 per cent 
instead of underregistering by 2 per cent, then the true discharge 
for the Safe Harbor units would differ by 7 per cent from the re- 
sult obtained by means of the Gibson method. 

Mr. Rogers thinks that the conditions in the field would neces- 
sarily be different from the calibration conditions, as at anv given 
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time during the registration the obliquity and velocity across the 
face of the meters are subject to variations. It is believed that 
the tests carried out by Mr. Hackett and described by Professor 
Moody substantiate the belief that uneven velocity distribution 
across the face of meter propellers is of no concern. Since Mr. 
Hackett mounted the meters on a swinging frame oscillating to 
and fro, and since the rate of acceleration or deceleration is de- 
pendent upon the distance from the pivot around which the frame 
was oscillating, the velocities could naturally not be uniform over 
the entire area of the meter propellers. 

Professor Moody reports that these tests showed no effect on 
the meter registration for the variations in obliquity across the 
face of the blade. At the same time the analysis of Fig. 3 of the 
Princeton tests with water jets as well as the oscillation tests 
carried out by Yarnell and Nagler tend to show that no abnormal 
conditions may be expected in the field. 

The saving of the integration method over the point method is 
not 75 per cent as interpreted by Mr. Roberts, but 87.5 per cent 
as may be surmised from a statement on page 315. Of course, in 
using two types of meters, the saving is hardly more than 75 per 
cent over the old method employing only one-meter type and the 
point method. It should be borne in mind, however, that once 
the effective obliquity for any setting is known, only one type of 
meter need be used for further tests and the necessary overall 
correction can be made without using a second meter type. For 


17 This the author pointed out in his discussion of a paper by S. 
L. Kerr which will appear in a later issue of the Transactions. 
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future tests at Safe Harbor it would appear hardly worth while to 
use two types of meters as the corrections to type 1 or type 3 are 
known sufficiently accurately that at least 50 per cent of the ef- 
fort of testing can be saved. 

In answer to the specific question by Mr. Roberts regarding 
the magnitude of changes in flow during one test run, the writer 
would like to refer to page 315, Table 4, where the consistency 
or the average departure of a single run was computed to +0.24 
per cent. This is an extremely low value, considering that all 
accidental errors of the current-meter method and errors arising 
from the piezometer readings are included. How much of this 
value is really due to the change in flow is impossible to say. 

Attention may be drawn simply to one statement made by 
Messrs. White and Rheingans to the effect that propeller meters 
did overregister as much as 50 per cent. The writer can hardly 
believe that Messrs. White and Rheingans have lost sight of the 
fact that Yarnell and Nagler did not try to measure water by 
means of current meters but simply determined the relative indi- 
cations of various types of meters at different locations of a flume 
cross section using the discharge or mean velocity as determined 
by a weir as a parameter. Neither could it be assumed that they 
did not realize that the apparent overregistrations were not over- 
registration at all because the meter locations chosen by Yarnell 
and Nagler for these particular tests were in the high velocity jets 
caused either by blocking part of the flume by means of a sub- 
merged weir or by a vertical obstruction. 

The contribution of Messrs. White and Rheingans, however, 
serves one useful purpose in recalling the current-meter tests at 
Massena in 1914. It may be well to study the equipment and 
methods used in these tests to see how much progress has really 
been made. 

The writer wishes to thank Professor Moody and Messrs. 
Rogers, Roberts, and Danel for their respective criticisms, sugges- 
tions and new data made available. The serious thought given 
by these contributors as well as the experimental effort made at 
Princeton are the more appreciated as only through a common 
effort of many engineers may advancement in the art be possible. 


Locomotive Tractive Effort in Rela- 
tion to Speed and Steam Supply’ 


H. S. Vincent.? The title of the paper expresses precisely 
what the authors propose. The usual tractive-effort formula 
gives the relation between two variables, the speed and the trac- 
tive effort. The authors have introduced a third variable, viz., 
steam supply. 

The exigencies of design limit the supply of steam which the 
boiler can furnish and the necessities of transportation govern 
the speed which the locomotive can attain. Locomotives are not 
built primarily to develop thermal efficiency, a desirable asset 
but incidental to operating efficiency, or the maximum return for 
the money invested. 

As a rule, a locomotive is designed to meet definite operating 
conditions, involving the overcoming of known resistances such as 
speed, grade, and curvature. These tax the capacity of the loco- 
motive; otherwise, a less powerful unit would suffice. 

A designer is primarily concerned with the tractive effort that 
the locomotive will deliver under normal operating conditions. 
The writer begs to differ with the authors of the paper and as- 
serts positively that there is such an entity as “maximum trac- 
tive effort” and in addition, there is a “family’’ of lesser tractive 
efforts which may be developed ad lib. 


1 Published as paper RR-57-2, by E. G. Young and C. P. Pei, in the 
August, 1935, issue of the A.S.M.E. Transactions. 
? East Harwich, Mass. Mem. A.S.M.E. 
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The maximum tractive effort for any given speed, is that de- 
livered by the locomotive when its boiler is furnishing to the cyl- 
inders the maximum weight of steam of which it is capable, pro- 
viding the cylinders can utilize it. Every locomotive boiler has 
a very definite maximum steam capacity as has been clearly dem- 
onstrated by L. H. Fry.* This type of operation is very ineffi- 
cient thermally but may at times be necessary to meet certain 
exigencies of transportation. 

There is a definite weight of steam which a locomotive boiler 
can deliver continuously to the cylinders. This is contingent 
upon the firing of a definite weight of fuel per square foot of grate 
surface per unit of time. Cole proposed a firing limit of 120 lb 
of bituminous coal per sq ft of grate area per hr. Modern prac- 
tice tends to reduce this to 100 lb or even less. Under such con- 
ditions of firing and steam generation, the boiler efficiency will 
range from about 55 to 60 per cent. This is what the writer 
terms normal operation, and the tractive effort which the locomo- 
tive will deliver at such boiler operation is termed normal tractive 
effort. This is the criterion by which the locomotive designer 
measures his product. 

The authors have devised a set of equations based on data 
obtained from a test of two Pennsylvania locomotives of similar 
design, which may be used to estimate the tractive effort of any 
locomotive by making certain adjustments involving cutoff, 
mean effective pressure, and weight of steam per revolution. The 
validity of these equations is contingent upon the accuracy of the 
basic data. 

It is evident from a study of the example given in the paper, 
that there are at least ten operations necessary for establishing 
the tractive effort for each increment of speed, besides necessary 
references to charts. However accurate such a system may be, it 
involves too much labor to make its use general. 

The writer has published‘ a method of determining the tractive 
effort of locomotives. The equations given in this method are 
also based on data from Pennsylvania tests, but the data have 
been generalized so that they do not involve the specifie deter- 
mination of cutoff or mean effective pressure as such. The 
tractive-effort equation is 


1.95 
1 + (36.66MS/Hv) 


where 7; = indicated tractive effort, lb; P; = boiler pressure 
minus 10, lb per sq in.; M = the engine constant, d’s/D; S = 
lineal speed of the locomotive, mph; H = the normal steam pro- 
duction of the boiler available for the cylinders, lb per hr; v = 
specific volume of steam at P; and 100 deg superheat. 

This equation gives only the hyperbolic portion of the tractive- 
effort curve, which in its entirety consists of a straight line, a hy- 
perbola, and a connecting or transition curve. The complete 
derivation of the equation is given in the published article* and 
demonstrates its rational or semirational character. 

In Fig. 1 of this discussion are shown curves of tractive effort 
as derived from the authors’ formulas compared with those 
derived from the writer’s equations, based on a locomotive 
having the dimensions given in the authors’ example. The 
full-line curves in Fig. 1 of this discussion are copied exactly from 
the Fig. 8 of the paper. For steam flow of 30,000 lb, 40,000 lb, 
and 50,000 lb per hr, there is little difference between the curves 
constructed by the two methods. For steam flow of 60,000 lb per 
hr, there is a wider difference amounting at the maximum to 
about 7 per cent. The coincidence of these curves indicate that 
the formulas have a common base. 


= 


3“‘A Study of the Locomotive Boiler,’’ by L. H. Fry, Simmons- 
Boardman Publishing Company, New York, N. Y., 1924. 

4“Ratios of Modern Locomotives,”’ by H. S. Vincent, Railway 
Mechanical Engineer, vol. 108, November, 1933, pp. 390. 
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The authors have assumed that the proper determination of a 
tractive-effort curve involves finding the cutoff and mean effec- 
tive pressure for every increment of speed. In other words, the 
cutoff is viewed as a means of varying the mean effective pres- 
sure, instead of being considered as a measuring device for keep- 
ing a constant weight of steam flowing through the cylinders per 
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unit of time. This latter consideration is the ideal toward which 
locomotive designers should work throughout the whole speed 
range but its attainment involves the use of a better system of 
steam distribution than that commonly in use. 


A. Giest-GIEsLINGEN.® The writer calls attention to a paper® 
by A. I. Lipetz which was presented at the 1934 Annual Meeting 
of the A.S.M.E. in which was given a method for establishing a 
performance curve for any given steam locomotive of conven- 
tional design. The writer might refer to it as the curve of effi- 
cient maximum performance. Messrs. Young and Pei oppose 
the use of any single performance curve, or speed-pull curve, such 
as worked out by Lipetz and others, on the premises that they are 
not sufficiently defined and that such a curve does not possess a 
significant meaning. Therefore, the authors maintain, a series 
of speed-pull curves should be used, and have shown in this paper 
how to calculate these and how to find the corresponding steam 
consumption. Personally, the writer sees no conflict whatever 
between these methods and believes that one supplements the 
other. A diagram should make this clear. 

Fig. 2 of this discussion, corresponding approximately to Fig. 8 
of the paper, gives for a certain locomotive tractive-effort curves 
for constant cutoffs (light full lines), tractive-effort curves for 
constant steam flow to the cylinders (light broken lines), and a 
single curve of performance tractive effort (heavy full line) such 
as may be obtained by the Lipetz method.® 
line, that is with the results from the authors’ method alone, com- 
plete information is given as to what the locomotive will do under 
various loads, but it is not known just how high the locomotive 
can be strained. The maximum steam generation might be es- 
timated from boiler dimensions, but the authors do not deal with 
this phase of the subject. Therefore, the heavy line is desirable 
since it shows the approximate maximum performance which 


5 Mechanical Engineer, New York, N. Y. Assoc-Mem. A.S.M.E. 

* “Horsepower and Tractive Effort of Steam Locomotives (Loco- 
motive Ratios),’’ by A. I. Lipetz, Trans. A.S.M.E., vol. 55, 1933, 
paper RR-55-2, pp. 5-42; and vol. 56, 1934, paper RR-56-6, pp. 923- 
933. 
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efficiently may be obtained. It is known, from the derivation of 
the Lipetz curve,® a slight increase in tractive effort can be ob- 
tained, at least at some distance from zero speed, if the boiler is 
forced to the limit. If the tractive-effort curve developed by 
H. 8S. Vincent‘ were used then it would be known that we are 
close to the absolute limit of performance that can be expected. 
But if the locomotive is not strained beyond the Lipetz curve, 
then we shall always work safely and efficiently. 

The authors’ method can be used to check the steam consump- 
tion established by the Lipetz method. If it is desired to control 
operation by a valve pilot, the combined results from the chart 
can be used to establish the relation between cutoff and speed for 
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the valve pilot. The writer therefore believes it is evident that 
the Lipetz method and the method presented by Young and Pei 
supplement each other. 

The writer also wishes to discuss a point in which the authors’ 
method should be corrected. For this purpose, Fig. 3 of this dis- 
cussion has been drawn wherein a representative indicator dia- 


Fie. 3 


gram is shown by a heavy line. This diagram is taken from a 
2-8-4-type locomotive with 28 X 30-in. cylinders and 14-in. pis- 
ton valves, at 25 per cent cutoff and 222 rpm corresponding to 
40 mph. Fig. 4 of this discussion reproduces, in part, the au- 
thors’ Fig. 4. The authors recommend this later figure for es- 
tablishing the steam consumed per revolution for various cylinder 
sizes. 

Assume that the indicator diagram in Fig. 3 of this discussion 
corresponds to a cylinder of the volume V; which the authors use 
as a basis for comparison. The steam consumed per revolution is 
then a certain unit quantity, as represented by the point en- 
circled in Fig. 4 of this discussion. Now assume that we have 
a cylinder of half the unit volume, working at the same cutoff 
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and with all conditions equal. It would be expected that such 
a cylinder would consume one half of the unit of steam per revolu- 
tion. The light broken line in Fig. 4 of this discussion corre- 
ponds to this expectation. However, the authors’ figures as 
represented by the heavy full line show a consumption of 65 per 
cent of the unit, that is, the small cylinder would consume 30 per 
cent more than expected. On the other hand, it is known that 
the authors assume the mean effective pressure to be independent 
of cylinder size, in other words, the indicator diagram in Fig. 3 of 
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this discussion will be valid for any size of cylinder. This will be 
true if valve gear and steam passages are proportioned in a fixed 
relation to cylinder volume, so that items such as throttling effect 
and back pressure will be the same, no matter how large the cy- 
linder may be. 

Due to the last mentioned assumption on the part of the au- 
thors, the indicated horsepower will be directly proportional to 
cylinder size. In the writer’s example, indicated horsepower 
would be one half of that for the unit cylinder, and therefore, the 
half-size cylinder would consume 30 per cent more steam per 
horsepower-hour than the unit-size cylinder. 

A smaller cylinder will have a higher specific steam consump- 
tion only because it will have a greater loss from leakage and cool- 
ing since the linear dimensions and the surfaces diminish at a 
lesser rate than the volume. However, it seems improbable that 
the difference should be as great as previously indicated. A check 
can be made as follows: 

First, the formula 


[A] 


which has been developed from the authors’ paper and gives 
the steam consumption per indicated horsepower-hour Cy. 
for the cylinder 2 if we know the steam rate C,, for cylinder 
1 and the respective cylinder volumes. Suppose cylinder 1 meas- 
ures 29 X 32 in., and cylinder 2 measures 24 X 28 in. Then a 
steam rate is obtained which is 16'/, per cent greater for the 
smaller cylinder 2._ The writer will try to determine whether this 


result is possible. We can be sure that the excess in steam re- 
quirement due to cooling and leakage for cylinder 1 will not be 
more than 30 per cent of the steam requirement which would be 
obtained if there were no cooling nor leakage. It may be further 
assumed that the excess steam requirement due to these causes is 
proportional to the relation between surface and volume of the 
cylinder. This relation is 2.23 for cylinder 1 and 2.62 for cylinder 
2, that is, 17 percent more. Therefore, the excess steam require- 
ment for cylinder 2 due to cooling and leakage will be 30 times 
1.17 or 35 per cent. In other words, a cylinder which is about 40 
per cent smaller by volume might consume 4 or 5 per cent more 
steam per horsepower-hour than the cylinder forming the basis 
of comparison. 

This result is supported by tests. For instance, the German 
State Railways found that a three-cylinder locomotive con- 
sumed 4 per cent more steam per indicated horsepower-hour than 
an otherwise identical two-cylinder locomotive, because the vol- 
ume of the individual cylinders is about 33 per cent smaller in 
the case of the three-cylinder arrangement. 

Now, according to this result, the heavy broken line in Fig. 4 
of this discussion may be drawn as representing approximately 
the steam requirement if valve gear and steam passages are of 
constant proportions relative to cylinder volume. 

For the authors’ line of steam requirement, there remains no 
other explanation than that the smaller cylinders had larger valve 
openings and had therefore fuller indicator diagrams for a given 
cutoff. This is actually the case, as shown by a closer investiga- 
tion of the locomotives from which the authors selected their data. 
Therefore, the steam requirement per revolution is greater than 
that corresponding to the heavy broken line, but the mean effec- 
tive pressure is also greater, which the authors neglected. This 
condition requires correction, and formula A will assume a differ- 
ent form. 

The curves could be corrected for mean effective pressure so as 
to correspond to the authors’ curves of steam requirement per 
revolution. However, the writer would rather correct the curve 
for steam requirement as shown by the heavy broken line, be- 
cause it would complicate matters unnecssarily by assuming 
that smaller cylinders have relatively larger steam passages, 
even though this was often the case in older engines, more 
particularly. 

Further, the writer would like to suggest that the mean effec- 
tive pressures be based upon boiler pressure rather than upon ad- 
mission pressure. Since the authors have used boiler pressure for 
the calculation of steam flow, it would be logical and more cor- 
rect to do the same in computing mean effective pressure. Either 
boiler pressure or admission pressure should be used in both cases, 
but not boiler pressure for the one computation and admission 
pressure for the other. In a method of this character, which neg- 
lects an item as important as steam temperature, for instance, 
boiler pressure seems a sufficiently accurate basis, and adds to 
simplicity. 

The writer agrees with the authors that their method is the 
most direct one that can be used for the purpose. Certainly the 
method of figuring performance on the basis of steam supply and 
specific consumption per indicated horsepower-hour is what might 
be termed an indirect one. Although it is perhaps a matter of 
personal preference which way should be chosen, the writer be- 
lieves that the specific steam consumption is an extremely prac- 
tical yardstick since most engineers are more familiar with it than 
with such a quantity as steam per revolution. Whatever result 
is obtained from the application of the authors’ direct method 
most engineers will check this result by ascertaining whether or 
not steam consumption per horsepower-hour thus obtained is a 
plausible figure. Also, steam consumption changes much less 
over the whole working range of the locomotive than do the 
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ratios used in the direct method. It is a special feature of modern 
well-designed locomotives that steam consumption fluctuates far 
less with speed and cutoff than it did in locomotives of older de- 
sign. Therefore, steam consumption becomes more and more 
useful as a yardstick for approximate calculations. 

Extremely helpful charts can be obtained by plotting the hourly 
steam requirement per unit of cylinder volume against indicated 
output per unit of cylinder volume as shown in Fig. 5 of this dis- 
cussion. Such a chart may be computed from the cylinder having 
the volume V,; which the authors used as a basis, and is then 
approximately valid for any reasonable cylinder size. The tan- 
gent of the angle formed between the abscissa and any line drawn 
from the corner of the chart to any point in the chart represents 
the steam consumption per horsepower-hour for that particular 
point. This method of plotting was introduced by the late Mr. 
Strahl in Germany about ten years ago. 

Before closing, the writer would like to discuss in general 
methods for evaluating such items as locomotive performance 
and steam consumption. He believes that three methods are nec- 
essary. The first should be a simple method for establishing a 
curve of reasonable maximum performance, such as the one ad- 
vanced by A. I. Lipetz. The second should also be a simple 
method for expounding conditions outside of that so-called rea- 
sonable maximum performance. This method is the one ad- 
vanced by the authors, supplemented by studies of the boiler. 
These two methods serve every-day requirements. Therefore, 
they must be as simple as possible, and they need not be too ac- 
curate or universal. It is sufficient if they give reasonably cor- 
rect results merely for the types of locomotives in general use at a 
given period, for instance, today. Consequently, these methods 
can be essentially empirical in so far as this helps to achieve sim- 
plicity, and the writer believes that it does not matter much 
whether they be termed “direct’’ or “indirect”? methods, as long 
as they serve their purpose and save time in their application. 

The third method, however, should serve the purpose of finding 
new refinements in engine design. Therefore, it must be essen- 
tially scientific and strictly analytical, and it must avoid indirect 
approach of the subject. The indicator diagram must actually 
be constructed and all phases of the working process must be in- 
vestigated. This is the method which is still being neglected. It 
is usually feared that there are not yet enough data for the proper 
application of such a method, but this is not the case. The data 
are here, but they are usually hidden and unexploited. Fortu- 
nately, the significant feature of scientific methods is that they 
can rely on a few good tests as a basis, instead of referring to 
the average of a larger number of tests. 

The writer believes that there are three major possibilities for 
improving locomotive thermal efficiency and performance without 
increasing maintenance. These are (1) improved valve gears 
of the poppet type, (2) utmost reduction of back pressure through 
a scientific front-end design, and (3) moderately higher working 
pressures. However, the attainable economies cannot be ascer- 
tained unless the indicator diagram and the thermodynamic 
working cycle are analyzed scientifically, this being the only way 
of evaluating opportunities and their limitations prior to spend- 
ing money on tests of tentative designs. Such studies will pay 
high dividends. The writer feels that the new Research Division 
of the Association of American Railroads would be the proper 
body to take up that subject among others. As far as the boiler 
is concerned, air preheating certainly offers the greatest oppor- 
tunity. 

Incidentally, the writer would like to stress that high-speed 
locomotives will have to be developed very carefully because, as 
Lipetz’ paper* shows, the performance curve of conventional 
locomotives at more than 250 rpm leaves much to be desired. 

The American steam locomotive has the highest earning ca- 


pacity among the steam locomotives of the world. Rugged, 
strong and simple design, high availability, and fine operating 
methods are largely responsible for that. However, we are some- 
what behind others in steam and fuel efficiency, and in this re- 
spect have much to accomplish. 


Kennetu S. M. Davipson.? In the writer’s opinion Messrs. 
Young and Pei have made the most important contribution of 
recent years to the literature of the subject. This paper presents 
a direct logical method of estimating the performance of locomo- 
tive engines. But its true significance lies less in the details of 
that method than in the fact that it attacks the problem from the 
same straightforward point of view that has clarified perform- 
ance estimates of practically all other kinds of power units. Two 
short sentences suffice to state this point of view: 

1 To mean anything, a performance estimate must be accom- 
panied by a definite statement of the operating conditions for 
which it is made. 

2 Ina complete and adequate method for estimating perform- 
ance, every effort must be made to isolate the effects of individual 
variables and to make each constant dependent upon the effect of 
a single variable. 

Even a casual glance at the methods in common use, or others 
recently suggested, for estimating locomotive performance shows 
how completely they fail to meet these simple specifications. It 
is not enough that a method shall give satisfactory answers when 
proper constants are inserted. Unless the true meaning of each 
constant stands out clearly, so that some reasonable judgment can 
be formed of its probable behavior when the dimensions or pro- 
portions of the machine are altered, the method cannot meet the 
needs of either designer or user. Although there have been sev- 
eral important developments in locomotive design in recent years, 
for example, the introduction of long-travel valve gears, neither 
the desirability of these modifications nor their probable quanti- 
tative effect. on performance could be foretold by any of the exist- 
ing methods of estimating. The quantitative effects have eventu- 
ally found their way into the methods, it is true, but by the very 
roundabout procedure of working backward from tests (road 
tests for the most part), to determine new values for obscure con- 
stants not directly related to the modifications themselves, but 
embracing several other variables as well. 

It is difficult to understand why those concerned with steam 
locomotives have been content for so long with the illogical meth- 
ods they have used. There would be reason enough if a locomo- 
tive were radically different in nature from anything else. But 
it is not, and there never has been any sound reason for supposing 
that it could not be analyzed by the straightforward steps com- 
monly adopted in dealing with all other kinds of power plants. 

The most striking thing about the paper is that it refers to the 
engines, without considering the boiler. No more forceful means 
could have been adopted to emphasize what appears to be the 
authors’ contention, namely, that boiler performance and engine 
performance are essentially separable. The writer has been con- 
vinced for a long time that, beyond the fact that they receive 
steam at certain rates and exhaust it at back pressures which de- 
pend only on the size of the blast nozzle, the engines are not in- 
terested in the boiler, and that the boiler cares nothing about the 
engines beyond the fact that all of the steam it generates (except- 
ing auxiliary steam) must be returned to its blast nozzle. It is 
easy enough to think of many secondary ways in which the two 
parts of the machine might conceivably affect each other, but it is 
extremely difficult to find test data to show that any of them are 
important. One of the most plausible of these is the assumption 
that drafting is affected by differences in the rate of exhaust im- 
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pulses. There is very direct evidence to show that this does not 
happen. Fig. 6 of this discussion (the data are from Pennsyl- 
vania Railroad Bulletin No. 32) is a typical chart of boiler effi- 
ciency against firing rate. This is the kind of chart which Fry 
investigated at such length in his competent analyses of boiler 
performance.’ Fry’s procedure has been followed in plotting all 
tests, regardless of speed, on the same chart, but the points have 
been labeled with the speed at which each test was made. The 
points group themselves about a straight line thus bearing out 
Fry’s view but, more than that, it is apparent that wide variations 
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of speed cause no systematic changes of boiler efficiency. If the 
variation in rate of exhaust impulses had any appreciable effect, 
it would certainly alter the boiler efficiency. 

The idea of separating boiler and engine performances appears 
to be a fundamental, vital step in clarifying the whole problem. 
Fry assumed them separable in his work on the boiler and found 
no occasion, in that work, to refer to the engines at all. In reality, 
Young and Pei have carried on where Fry left off and, by clarify- 
ing the problem of the engines, as he clarified the problem of the 
boiler kave done much to complete the task. 

With Fry’s method for boiler analysis and the methods of the 
present paper for engine analysis, a complete logical procedure 
for estimating locomotive performance and economy is available. 
It is entirely fitting that the present paper should omit any refer- 
ence to boiler performance and yet it might have made a stronger 
general appeal if one or two cases had been worked out from be- 
ginning to end. 


AuTuHoRsS’ CLOSURE 


The authors appreciate the kindly and pertinent criticisms of 
their paper, which seem to call for few comments. 

Mr. Vincent’s suggestion that we do not recognize a maximum 
limit is rather surprising in view of the material contained in the 
fifth paragraph of our paper stating three different limitations 
which might impose themselves. In a general analysis of the 
problem, however, this limit cannot be fixed; it must be applied 
with regard to a specific case. We quite agree that in general 
the boiler output will be the limiting factor, but we continue to 
doubt that this limit, as determined by evaluation of Mr. Fry’s 
constants may be considered a practicable operating condition 
for any circumstances, and it remains for some one to determine 
how much the boiler is to be forced. 

Dr. Giesl-Gieslingen makes a most useful comment in 


8 “A Study of the Locomotive Boiler,” by Lawford H. Fry. Sim- 
smons-Boardman Publishing Company, New York, N. Y., 1924. 
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differing with us as to the slope of the curve by which the steam 
per revolution for smaller cylinders is to be determined. The 
data for the construction of this curve, in so far as they have 
been published, leave difficult gaps to be filled. We discovered 
in making the chart for speed-cutoff mep (authors’ Fig. 7), the 
fact which he states, that the mep for some of the smaller locomo- 
tives was larger than would be expected, and considerable incon- 
sistency was shown, which led us to adopt for this figure from 
the Pennsylvania K-4s, as stated on page 339, Vol. 57, of the 1935 
A.S.M.E. Transactions. We cordially agree with our critic 
that compensatory alteration in Fig. 4 is preferable to attempting 
to change Fig. 7, even though there is thereby introduced some 
departure from rationality. 

Professor Davidson agrees with our viewpoint on the legitimacy 
of separating the steam-production and steam-consumption 
processes. The most satisfactory procedure in estimating boiler 
performance is the proper evaluation of the constants in Fry’s 
efficiency equation to take into account the quantity and quality 
of the fuel, the grate area, front end arrangement, combustion 
volume, heating surface, or such other conditions as affect the 
generalization of these coefficients. We hope at an appropriate 
time to present such an analysis. 


Pitot-Tube Practice’ 


R. J. S. Picorr.? Referring to the statement quoted by the 
author, that the pitot tube overreads in turbulent flows, it may 
be desirable to clear up this terminology a little. In strict 
language, the pitot tube as discussed by Mr. Cole was not, 
in any of the devices tested, operated in anything except turbulent 
flow, since the Reynolds numbers are always very much above the 
critical value, beyond which viscous flow of any kind cannot 
subsist. Turbulent flow occurs around the pitot tube, in all three 
methods of measurement; that is, by the boom, in the venturi 
throat, or in the 12-in. steel pipe. It is solely on account of the 
fact that the flow is turbulent that the resistance, above the 
Reynolds critical number, is proportional to the square of the 
speed, instead of the first power as in viscous flow. It is believed 
that what is meant in this case by ‘turbulent flow’ as used by 
Mr. Cole, is regular or eddying flow or, in other words, local 
alterations of the velocity traverse, and also the direction of the 
current. Such subsidiary conditions are due, in general, to 
disturbances such as elbows, gate valves, or any irregularities 
in the pipe ahead of the measuring device; are generally unsteady; 
and should not be confused with the normal internal turbulence 
of the fluid, which is never absent in speeds above the Reynolds 
critical value. Therefore, apparently what is meant by classing 
the venturi-throat flow as “smooth” is that these fortuitous 
local eddies are absent in this case. 

As a matter of fact, they were also largely absent in the 12-in. 
steel pipe, as indicated by the relatively undisturbed symmetry 
of the velocity traverse. Indeed, it is these fortuitous disturb- 
ances of flow in which we are chiefly interested, in so far as 
the behavior of the pitot tube itself is concerned. 

As the writer understands it, the coefficient of a pitot tube, as 
used in water-water studies, is the ratio of the pitot velocity to 
true velocity (any reading) and the pipe factor is the ratio be- 
tween the mean velocity (as represented by the flow rate divided 
by pipe area) and the maximum velocity at the center of the pipe. 
From theoretical considerations, and also from the enormous 
number of velocity traverses which have been made, it is obvious 


1 Published as paper HYD-57-8, by E. S. Cole, in the August, 1935, 
issue of the A.S.M.E. Transactions. 

2 Staff Engineer in Charge of Engineering, Gulf Research and 
Development Corporation, Pittsburgh, Pa. Mem. A.S.M.E. 
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that this latter ratio ought to be 0.50 in the viscous region, with 
which we are seldom dealing in any kind of water flows, and 
should continuously increase up to very high Reynolds’ number, 
in which case it becomes 0.95 or even higher in the case of air 
flows. 

The Bureau of Standards’ and other tests on nozzles indicate 
that the value is as high as 0.99 for high gas speeds. It is notice- 
able that in all these very high Reynolds’ number cases, the 
velocity traverse is almost absolutely flat, just as shown on the 
venturi-meter throat by Mr. Cole. If this hinderstanding is 
true, then we should expect that the coefficient or constant of the 
pitot tube is actually constant for any design if it is reading true 
kinetic head and true static, but the pipe factor should increase 
with Reynolds’ number in any given pipe. However, the coeffi- 
cients as given by Mr. Cole for the 12-in. pipe, both corrected 
and uncorrected, show a decrease with increase of velocity, which 
in this case is the same thing as an increase in Reynolds’ number. 

At first glance, it would therefore appear that the behavior of 
the tube is out of line with theory. However, the writer does not 
believe this is the case at all, but is due to a condition which is 
apparently not yet clearly recognized, that is, just what the 
projected area of the tube rod or support does to the readings. 
It is the writer’s opinion that neither a complete correction for 
the full projected area, as affecting the mean velocity, nor an omis- 
sion of this correction, is proper. 

A brief consideration of the physical conditions around the tube 
indicates that it ought to be somewhere between these two values, 
and that the value will vary with the position of the leading and 
trailing tubes relative to the body of the rod, and also with the 
rod shape. It is obvious that the leading tube, in the cases of 
Figs. 4, 5, and 6 of the paper cannot be in any way affected by the 
shape or size of the tube rod inasmuch as the impact reaches the 
opening before any change in stream cross section has taken place. 

The kinetic head therefore must represent the true velocity 
regardless of the shape or size of the tube rod. This condition is 
even true of the heavy-duty rod, the dimensions of which are 
shown in the author’s Fig. 29. Therefore, any variation of the 
coefficient from what would be expected by simple theory, must 
be traced to the static tube which has its opening perpendicular 
to the flow of the stream or completely trailing, as in the Cole 
and other similar tubes. 

Obviously, in Fig. 6 of the paper the trailing tube is reading 
static in a region which has been affected by the reduction of 
area due to the body of the tube. Reconversion of velocity to 
static head is incomplete and the static is lowered. It is rather 
difficult to say how much it is lowered because the increase of 
velocity of the stream past the support of the tube may have 
very little effect at the point where the tube tip is located. In 
the case of the tubes shown in Figs. 5 and 6 of the paper, the body 
of the tubes can have very little effect, if any, upon the static 
readings, because even the static readings in this case are up- 
stream from any disturbances or changes of velocity caused by 
the tube rod. There is ample experimental evidence to show 
that these tubes do not show the effect of support obstruction. 

It is obvious that the only correction for change of area in the 
case of the author’s Figs. 5 and 6 should be for the area of the 
nose of the tube only, and not for the rod supporting the tube. 
In the case of the author’s Figs. 6 and 22, the correction can only 
be a part of that due to the increased velocity past the body be- 
cause disturbances of this sort are very largely local and the 
velocity of the liquid passing the tips of the tube will be af- 
fected chiefly by the change of section in the narrow portions of 
the support in this region, and very little by the main body of 
the support. 

As has been mentioned previously, since the velocity traverse 
in the pipe changes with speed, viscosity, roughness, and absolute 
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size, it should be expected that there would be a change of pipe 
factor, as shown in Prof. Pardoe’s tests on different pipe sizes 
independent of the tube coefficient proper. 

The writer believes that the change of overall coefficient is 
due much more to diameter and roughness conditions, for the 
University of Pennsylvania tests, than to the tube rod, although 
this may still be quite perceptible and will certainly vary with the 
actual shape of the structure. In the case of the Cole tube, in 
which the trailing orifice is a noticeable distance downstream 
from the body of the tube, and fairly close to the main body of 
the rod, it is quite possible that incomplete reconversion of the 
increased velocity, opposite the body of the tube, should some- 
what lower the static reading, and this effect would be larger 
with increased velocities. If this is true, the decrease of overall 
coefficient with increasing velocity is easily accounted for. 

Some years ago, the writer had tests made on reversible tubes 
(impact and trailing) very similar in body structure to the heavy- 
duty tube shown in Fig. 29 of the paper. These tubes gave 
depression of the static by the trailing tube to the extent that the 
apparent head was reading from 15 per cent to 20 per cent high. 
The writer believes Dr. Moss of the General Electric Company, 
could provide considerable test data on this subject, as he was 
forced to work it out in connection with high-speed air streams. 
The writer is of the opinion that Dr. Moss reached some very 
definite conclusions as to the effect of body proximity on the 
reading of the tube. 

The writer does not believe it is safe either to neglect the area 
correction, or to assume that the body of the rod acts as a com- 
plete obstruction to change the velocity at the tube. The true 
answer can only lie in between these two values. The variation 
in results obtained in tests of the different laboratory set-ups 
tends to corroborate this hypothesis. 

There is general agreement that the normal coefficient of the 
pitot tube without trailing downstream openings, when reading 
kinetic and static heads correctly, is practically unity and that all 
values of coefficients less than 1.00 are traceable, not to the tube, 
but to the situation of the tubein its surroundings. Under these 
circumstances, it would be expected that the coefficient of the 
tube, as tested on the boom in still water, ought to be substan- 
tially 1.00 throughout, provided there is no alteration of the 
static reading by the position of the trailing orifice, and that in 
the 16-in. venturi throat, the overall coefficient, which is the 
product of the tube coefficient and the pipe factor, ought to agree 
exactly with the ratio of mean velocity to maximum velocity, as 
shown in the traverses in Fig. 12 of the paper. The coefficients 
given for the 12-in. pipe do agree relatively closely with the 
corresponding velocity ratios given in the traverse in Fig. 12 of 
the paper, the differences (the writer believes) being largely 
traceable to the trailing tube being in a position to read slightly 
lower static than the undisturbed value, with no obstruction. 

One condition of the tests which makes it a little difficult to 
develop a full hypothesis of the behavior of the pitot tube as 
actually installed, is that all of the tests were made on water, 
and with relatively small ranges of Reynolds’ number. 

To get a complete knowledge of the pitot-tube behavior, it 
would be necessary to make tests on liquids with very much 
higher viscosity, and also to correlate with tests on air and other 
gases, so as to get a very large range of Reynolds’ number, as 
has been done in the cases of the disk orifice, the venturi tube, 
and the nozzle. In spite of the foregoing differences of opinion 
as to the causes of some of the variations of coefficients, the writer 
wishes to support the author’s position, namely, that there is 
plenty of evidence to show that the pitot tube has an easily 
determinable and reliable coefficient, and that the device is 
inherently just as accurate as any of the other primary devices 
now used, provided it is properly installed and handled. There 
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is no question that, for the purpose for which the author largely 
uses this type of device, it is very much more convenient and 
less expensive than any of the other primary devices, such as the 
disk orifice and the venturi. 

It must be said, however, that if the pitot tube is to take 
the position as a primary measuring device that it should occupy, 
a more complete study of its behavior in a wider variety of liquids 
than cold water, and in a wider range of pipe sizes and rough- 
nesses, must be made in order to determine more completely 
those circumstances which alter the apparent coefficient. 

It appears, from a study of all three of the principal primary 
devices, that the coefficient of the venturi tube and the rounded- 
approach nozzle is less than 1.00 almost entirely on account of 
pipe friction in the upstream cone; that the coefficient of the 
sharp-edged disk orifice is almost entirely a coefficient of contrac- 
tion with little friction involved, and lastly, that the overall 
coefficient of the pitot tube, placed on the axis of the pipe, is 
largely a question of the normal velocity traverse in the pipe, and 
the coefficient of the tube itself, as determined by the position 
of static openings. 


Frank H. Rogers.* Mr. Cole’s paper is a very interesting 
résumé of the research work over a long period of years on the so- 
called “combined type” of pitot tube. Most of the test results 
shown in the paper were made on the tube shown in Fig. 6, 
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called the “reversible type’’ as the dynamic orifice and pressure 
orifice are 180 deg apart so that readings may be checked by 
turning the tube 180 deg. 

From the results of these tests, Mr. Cole concludes that tur- 
bulence has little, if any, effect upon the form of pitot tube shown 
in Fig. 4 as the coefficients obtained in flowing water in a 12-in. 
pipe, in flowing water in the throat of a venturi meter, and by 
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still-water rating agree within practical limits. Mr. Cole also con- 
cludes that angularity of flow in normal pipe lines is not as great 
as has been claimed as the tests he made in the 12-in. pipe showed 
angularity of not more than 5 deg. 

The summary of the results as given in Fig. 25 of the paper 
show, for the flow conditions of these tests, very good agreement 
of the coefficients obtained in the 12-in. pipe, at the throat of the 
venturi meter and by the still-water ratings, the maximum varia- 
tion between these three methods of calibration being about 
1 per cent. 

In these tests, however, the flow conditions in the 12-in. pipe 
should be almost ideal. The gaging section was located 38 
diameters from the nearest upstream bend, and baffles were used 
at this point to minimize disturbance in flow. The excellent 
symmetry of the horizontal and vertical traverses, as shown in 
Fig. 13 of the paper, proves that very smooth flow occurred, 
and very little angularity would be expected. These calibrations 
should, therefore, be reliable if this tube is used in small pipes 
under similar good flow conditions. If used in pipe lines of large 
size or in small pipes where some turbulence was present, the 
writer would expect to obtain a considerably lower coefficient. 

This is due principally to (1) angularity of flow causes the 
dynamic orifice to read higher velocity than the cosine curve, 
and (2) angularity of flow causes a considerable increase in the 
suction action on the pressure orifice. 

The first effect is small compared to the second as shown by 
the typical polar diagram readings, Fig. 1 of this discussion. For 
straight-line flow it is seen that the velocity head, VH, read by 
the tube is slightly greater than the true velocity head due to 
the suction which occurs on the pressure orifice at 180 deg from 
the dynamic orifice. For angular flow of say 15 deg, however, 
the velocity head read by the tube is considerably greater than 
the true velocity head due to the fact that the dynamic orifice 
reads slightly above the cosine* curve and the pressure orifice 
reads considerably below the true pressure. Thus, for an angular 
flow of the previously given amount, the coefficient of this type 
tube would be considerably reduced. 

To give accurate results, therefore, this type of pitot tube 
should be calibrated under conditions of flow similar to the con- 
ditions in the pipe or conduit in which it is to be used. It is 
also recognized by engineers in this line of work that in large 
pipes angularity or turbulence is usually greater than in small 
pipes due to the less effective guiding influence of the walls in 
the former. Hence, the coefficient of a combined tube, deter- 
mined for a small pipe, is not reliable when this tube is used in 
a large pipe. 

The simple tube used in conjunction with piezometer open- 
ings in the pipe wall is subject to this same error, but to a much 
less degree due to the fact that the dynamic orifice overregisters 
only sightly for considerable angularity of flow and the wall 
piezometers give the correct pressure at all times. 

As an example of these conditions, let us assume that the 
combined-type tube is calibrated in a pipe where the average 
angularity of flow is 10 deg. ‘Then from Fig. 27 of the paper, 
this tube will give a velocity about 3.3 per cent higher than if no 
angularity existed. If this calibration is used in measuring the 
velocity in another pipe where the average angularity is actually 
only 5 deg, the tube would read only 1 per cent higher than in 
straight-line flow, which results in an error of —2.3 per cent. 

If this same tube is used in another pipe where some turbulence 
exists and the average angularity is actually 15 deg, the tube 
would read about 6.3 per cent high, or an error, as compared 
with the calibration used, of +3 per cent. 

Under these same conditions, if a simple-type tube is used in 
conjunction with wall piezometers, and this tube were calibrated 
in a pipe where the average angularity was 10 deg, the tube would 
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read about 1 percent high. If this calibration is used in measur- 
ing the velocity in another pipe where the average angularity is 
actually only 5 deg, the tube would read about 0.2 per cent high, 
or an error of —0.8 per cent. If this tube were used in another 
pipe where the average angularity is actually 15 deg, the tube 
would read about 2.5 per cent high, or an error of +1.5 per cent. 

These values for the simple tube are taken from a series of 
tests made by the writer in the flume of the Rensselaer Poly- 
technic Institute at Troy, N. Y., in 1910, in a still-water rating 
tank. A number of different simple tubes were tested for the 
effect of angularity of flow and the results of the tests of one of 
these tubes, known as tube B, is shown in Fig. 2 of this discus- 
sion. This type of pitot-tube nozzle is generally adopted for 
use in large pipes or penstocks. 

It is evident that for the conditions of flow previously assumed, 
the possible error for the combined tube is from 2 to 3 times as 
great as for the simple tube. 

The simple tube in connection with wall piezometers is generally 
used to determine the flow in large pipes or penstocks in hydraulic 
turbine tests. Its coefficient has a comparatively small range 
of values. For normal conditions of flow the coefficient may vary 
from 0.97 to 0.98. For extremely turbulent flow, such as some- 
times occurs in large intakes of varying cross sections, the value 
of the coefficient may fall as low as 0.94 and for ideal flow con- 
ditions,‘ such as occur in a smooth small-diameter straight pipe 
at high velocities or at the throat of a venturi meter, the value 
of the coefficient will be very close to unity. 

A number of tests have been made in large pipes to determine 
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the coefficient of the simple tube by comparison with the flow 
determined by other accepted methods such as the weir. As an 
example, in the test of a 10,000-hp turbine at Niagara Falls, 
pitot-tube traverses were made in two 5-ft diameter penstocks, 
and the flow obtained from the tubes compared to the flow 
measured by a weir. These showed a coefficient for the pitot 
tube of 0.9763. Another test was made on a 6000-hp turbine 
at Shawinigan Falls where traverses were made by pitot tubes 
in a 9-ft diameter penstock, and the discharge compared to that 
measured by a weir. In these tests the value of the coefficient 
varied from 0.9761 to 0.9785. In view of these tests and a num- 
ber of similar tests made by various turbine manufacturers, an 
average value of 0.9763 was selected by the Machinery Builders’ 
Society and appears in their Standard Testing Code issued in 
1917. It is believed that for the normal flow conditions usually 
encountered in large penstocks, this value of the coefficient is 
correct within about 0.5 per cent. 

Due to the fact that in actual practice this coefficient is less 
than unity, it is apparent that angularity of flow, due to tur- 
bulence, is usually present in large pipes, and if angularity tests 
shown in Fig. 2 of this discussion are referred to, a coefficient of 
0.9763 would be equivalent to an angularity of about 15 deg or 
slightly less. The small angularity of 5 deg mentioned by Mr. 
Cole in the paper may, therefore, be correct for small straight 
pipes free from bends, where very little turbulence occurs, but 
for the usual conditions in power developments where large-size 
pipes are used, it would appear that the average angularity of 
flow is considerably greater. 

Mr. Cole presents some very interesting data in connection 
with the correction which should be applied to the coefficient due 
to the presence of the pitot tube itself. The curves in Fig. 18 
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of the paper, show that for the combined tube used, some cor- 
rection should certainly be made for the projected area of the 
pitot-tube rod. It is the writer’s opinion that this correction for 
the rod is not necessary for the dynamic orifice of the tube, but 
is required for the pressure orifice, due to the fact that the area 
of the rod has little or no effect on the velocity conditions up- 
stream from the rod. On the other hand, the pressure opening 
is located slightly downstream from the rod, and undoubtedly 
the effect of the rod on the area of the pipe at this point is ap- 
preciable and should be corrected as outlined in the paper. 

The writer believes there is a field of application for both the 
combined tube described by Mr. Cole, and the simple tube. The 
field for the former is primarily in measuring the flow in relatively 
small-size pipes where the flow conditions are particularly good 
and where but little turbulence or angularity occur. In the case 
of small pipes, it would be very difficult at times to install wall 
piezometers which would give accurate readings. It is always 
necessary when using wall piezometers to have the surface of 
the pipe near the piezometers absolutely clean and smooth, so as 
to avoid eddies. When tests are being made in old pipes where 
the interior surface is rough and cannot be properly cleaned before 
the test, the use of wall piezometers would certainly involve con- 
siderable errors, and the combined tube is certainly preferable. 
For larger pipes where proper piezometers can be installed, and 
the inside surface made smooth, the simple tube will give the 
most reliable results. 


Joun G. Sutton. The following comments relative to the 
pitot tube apply particularly to drainage pumping plants but 
most of them are equally applicable to irrigation plants. It 
seems that the pitot tube should find wider use by engineers in 
private practice handling problems connected with drainage and 
irrigation plants and that these engineers should use this instru- 
ment regularly to determine the efficiency of plants under their 
supervision. The writer’s experience with the use of the pitot 
tube extended over five years while employed by the U. 8. De- 
partment of Agriculture on some investigations relative to drain- 
age pumping plants. 

The pitot tube is a very accurate and dependable instrument 
for measuring flow of water in pipe lines. In the writer’s opinion, 
the discharge of a pump can be determined with 97 per cent ac- 
curacy in a field test using a carefully rated instrument. In 
measuring the discharge of drainage plants the writer used the 
Tulane pitot tube developed by W. B. Gregory, which is mentioned 
in Mr. Cole’s paper. The tubes used in this work were rated 
every year or two at the hydraulic laboratory of the Colorado 
State Agricultural College at Fort Collins, Colo., or at the U. 8. 
Bureau of Standards, Washington, D. C. Ratings at both 
places were made by means of a car operated at different speeds 
on metal tracks over still water. At velocities ranging from 4 to 
13 fps the coefficient was found to range from about 1 to 3 per 
cent above unity. Results were sometimes erratic at velocities 
below 4 fps. The coefficient of each tube did not materially 
change from year to year. 

During investigations previously mentioned probably half of 
the tests were made on discharge lines where the pipe was flowing 
under vacuum. Under such conditions a small amount of air 
usually seeped into the instrument, necessitating frequent re- 
moval by means of a vacuum pump. The type of tube used, 


Mil- 


§ District Engineer, Bureau of Agricultural Engineering, 
waukee, Wis. 

* “Cost of Pumping for Drainage in the Upper Mississippi Valley,” 
by J. G. Sutton, U. S. Department of Agriculture Technical Bulletin 
No. 327, October, 1932. Also, ‘‘Design and Operation of Drainage 
Pumping Plants in the Upper Mississippi Valley,’’ by J. G. Sutton, 
U. 8. Department of Agriculture Technical Bulletin No. 390, Novem- 
ber, 1933. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


having air above the U-tube, performed very satisfactorily under 
these conditions. These instruments had considerable fluctua- 
tion in the water columns. An attempt was made to obtain a 
high degree of accuracy by averaging the fluctuations for each 
reading and making a large number of readings. The velocity 
was determined at ten points on rings of equal area. Eight 
readings usually were obtained at each of the ten points, or 80 
readings were averaged to determine a point on the head-capacity 
or efficiency curve. By taking a large number of readings it 
was practicable to discard those that were inconsistent. With 
an experienced assistant, it was necessary to discard less than 1 
rer cent of the readings. 

Horizontal and vertical ratings were made and averaged on 
pipes where the greatest accuracy was required, or where con- 
ditions were not favorable to obtaining accurate ratings by a 
single vertical rating. Under worse conditions the average 
velocities measured by the horizontal and vertical traverses did 
not differ by more than 6 to 8 per cent. After the relationship 
between average velocity for horizontal and vertical traverse 
was once established, only the vertical rating was taken in 
subsequent tests. 

Some very interesting velocity curves were frequently obtained 
near bends in pipes. During some tests the velocity was about 
12 to 14 fps near one side of the pipe, around 10 fps at the center, 
and 6 to 8 fps at the other side. In other pipes, symmetrical 
curves were obtained with the velocity at the quarter points 
exceeding the center velocity by as much as 2 or 3 fps. 

No reduction in cross-sectional area of the pipe due to the pitot 
tube was considered necessary for the type of tube used, because 
of its L shape. The impact point in most cases on an average 
was about 6 in. in front of the vertical supporting tube, but varied 
with the size of the instrument. In the writer’s opinion, this 
tube measured the velocity at the impact point and the reduction 
in cross section of flow was, under the conditions of the tests, too 
small to be considered. 

It was always more convenient and sometimes necessary to 
insert the tube in the discharge pipe while the pump was not 
running. Stopping a pump at a drainage plant for a short period 
is ordinarily not objectionable. 

Difficulty was experienced in taking ratings when the tem- 
perature was at the freezing point or below. Water froze readily 
in the small pipes of the pitot tubes and made accurate readings 
impossible. It was found necessary to arrange the pump test 
when the temperature was at least several degrees above freez- 
ing. 


W.S. Parpogr.’? A pitot tube when used as a measuring device 
is just as good as its calibration and as rods Nos. 162, 403, and 
617, mentioned in the paper, were each calibrated in Professor 
Allen’s laboratory under three different conditions, it would 
appear that these tubes have been calibrated very well and the 
results speak for themselves. 

Tube No. 617 was also calibrated in the hydraulic labora- 
tory of the civil engineering department of the University of 
Pennsylvania, in 12-in., 10-in., 8-in., and 4-in. pipes, giving the 
curves shown in Fig. 19 of Mr. Cole’s paper. In Fig. 3 of this 
discussion, the writer has reproduced Mr. Cole’s Fig. 15 showing 
the calibration of tube No. 617 by the boom method, as well as 
the calibration in a 16-in. venturi throat and in a 12-in. pipe at 
Worcester Polytechnic Institute. On this curve, the writer has 
placed the U. of P. calibration in a 12-in. pipe. The agreement 
with Professor Allen’s curve is very close. 

The boom calibration in still water is equivalent to calibration 
in streamline flow and gives a value of coefficient higher than 
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entirely reasonable. 


the calibration in the 12-in. pipe. The writer believes this is 
When Professor Allen places the pitot tube 
in the 16-in. venturi-meter throat he places it in a region of 
shooting flow because the stream lines are parallel. 
obtained the same coefficient as by means of the boom, but when 
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Hence, he 


the tube was calibrated in turbulent flow in the 12-in. pipe the 
coefficient was about two points lower. 
could be expected. 

Some time ago experiments were conducted on a plain pitot 
tube with wall connections for various types of tip. This is shown 
in Fig. 4 of this discussion. 
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characteristic. The square-point tube gave a maximum coeffi- 
cient of 0.98 and varied more than either a counterbored or a 
turn-point tube. The velocity traverses shown in Fig. 4 of this 
discussion for the counterbored point are typical of turbulent 
flow in an 8-in. pipe. 

This tube was moved upstream 6 in. after a gradual decrease 
from 24 in. to 8 in., giving a condition quite similar to that ob- 
tained by Professor Allen in a 16-in. venturi throat. The result- 
ing curves are shown in Fig. 5 of this discussion together with the 
pipe arrangement. It will be observed that the average value of 
the coefficient is 0.995 and it approaches 0.997 as a maximum. 
It will be reasonable to assume that such a tube will give a co- 
efficient of unity on Professor Allen’s boom. It will be observed 
that the coefficient rose from 0.98 in turbulent to 0.995 in shooting 
flow, this being an increase of 0.5 per cent, which is a fairly close 
check of the variation shown in the case of tube No. 617 in Mr. 
Cole’s paper. 

This variation in coefficients in different types of flow is 
probably due to the fact that the pitot tube in diagonal flow 
measures a head greater than that due to the cosine function. 
Hence, it will overrecord and give a coefficient of less than unity 
in turbulent flow. The writer could introduce a great deal of 
information to indicate that the coefficient of plain pitot tubes 
in turbulent flow is very close to unity, but believes that this is 
unnecessary. 


(Discussion following was given jointly with the paper by W. 
M. White and W. 8. Rheingans.®) 


W. B. Grecory.® The pitot tube has become in recent years 
an instrument of precision and reliability. It is made and used 
in many forms; knowledge regarding its peculiarities, limitations 
and adaptability is being accumulated through papers such as 
presented by Mr. Cole and Messrs. W. M. White and W. J. 
Rheingans.® 

The writer developed an interest in the pitot tube when 
he was a student at Cornell University. A thesis on the testing 
of the hydroelectric power plant of the Ithaca Street Railway 
Company developed the necessity for some means of measuring 
the velocity of water in a penstock 5 ft in diameter and more than 
100 ft long. A conference with Prof. I. P. Church resulted in the 
construction of the crude tube of Fig. 4 of the paper by E. 8. Cole. 
It was calibrated by pouring red coloring matter into the intake 
and recording the time for the color to appear from a small tap 
about 95 ft down the pipe. In spite of the crudities involved a 
fairly satisfactory calibration was obtained. In fairness to 
Professor Church it should be said that the tube was designed by 
the writer. 

The writer’s next use of the pitot tube was in New Orleans 
in connection with the test of the Jourdan Avenue Drainage 
Pumping Station during the period between 1897 and 1900. 
Another pitot tube was built which gave correct results when 
W. M. White calibrated it later by drawing it through still water 
in the Jourdan Avenue Canal. Both the tubes previously men- 
tioned by the writer had satisfactory impact tubes but failed to 
record the correct static pressures. 

In 1901 W. M. White showed that it is relatively easy to con- 
struct the impact tube to give correct readings but that the static 
readings are often increased because of the turbulence of the fluid 
in the vicinity of the static openings.’ This paper reported a 

**“Photoflow Method of Water Measurement,” by W. M. White 


and W. J. Rheingans, Trans. A.S.M.E., vol. 57, August, 1935, p. 
273. 

* Professor of Experimental Engineering and Hydraulics, Tulane 
University, New Orleans, La. Mem. A.S.M.E. 

10‘*The Pitot Tube; Its Formula,” by W. M. White, The Journal 
of the Association of Engineering Societies, vol. 27, August, 1901, 
p. 35. 
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masterly piece of research and suggested a form of tube with con- 
stant of unity. It consisted of separate pipes for impact and for 
static readings and was not suited for use in making traverses of 
pipes or conduit where pressure and velocity readings are de- 
sired at the same point. The writer’s contribution to the pitot 
tube was the combining of the two tubes, by placing one within 
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DISCUSSION 


SECTION A-A 
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ELEVATION 


Fig. 8 ARRANGEMENT FOR MAKING Pirot-TuBe TRraverses oF A CLosep Pipe at TuLANE UNIVERSITY 


the other, utilizing the principles pointed out by White. The 
first tube, shown in Fig. 6 of this discussion, was made at Tulane 
University and is still in use. A dimensioned drawing of the 
Tulane pitot tube is shown in Fig. 7 of this discussion. 

As noted previously, White calibrated the tubes by drawing 
them through quiescent water and obtained a constant of unity. 
Later, when the tube was used in pipes where the flow was turbu- 
lent, a constant of slightly less than unity was used by some ex- 
perimenters. 

The Gregory and Maltby pitot tube was not developed nor 
used at Ithaca, N. Y., as mentioned by Mr. Cole, but at West 
Memphis, ‘Tenn., where the headquarters of the dredging fleet 
of the Mississippi River Commission was located. The tube 
was designed and built in 1903 by F. B. Maltby, superintendent 
of dredging; the writer assisted while it was being calibrated by 
means of floats. 

About 1905 A. B. Wood of the Sewerage and Water Board of 
New Orleans built three tubes which have been used in hundreds 
of tests of hydraulic machinery. In some cases where the tube 
was used, traverses were made of pipes discharging into or from 
concrete basins where volumetric checks were made. The con- 
stant was found a repeated number of times to be practically 
unity. Although this work was done about thirty years ago, 
Mr. Wood and his assistants still use the pitot tube and believe 
its constant is near unity. The writer has used the pitot in 
hundreds of tests and has usually employed a constant of unity. 
What other method of water measurement can be used with a 
probable accuracy of 2 per cent which is at all comparable with 
the pitot tube in cost and ease of manipulation? 

The simple form of the pitot tube with wall piezometers was 
used by Dr. E. W. Schoder and the writer at Cornell University in 
1907 and 1908. Velocities obtained by means of the tube were 
compared to those from a carefully calibrated nozzle.‘! The 
following is quoted from the paper. ‘The results indicate an 
average error of about 1 per cent while the greatest error is about 
3 per cent. As variations as wide as the above may be expected 
in work of this kind, even when conducted with the greatest 
care, the conclusion that the coefficient of the tube is unity is 


“Some Pitot Tube Studies, the Distribution of Velocities and 
Pressures in Straight and Curved Portions of Six-Inch Water Pipe,”’ 
by W. B. Gregory and E. W. Schoder, Trans. A.S.M.E., vol. 30, 
1908, p. 351. 


justified. Probably a greater number of traverses would have 
given an average still nearer to unity.”’ 

In an experience in measuring water extending over many 
years the writer has had many opportunities to compare results 
obtained by means of the pitot tube with other means of water 
measurement. He has used it in flumes having velocities of 
about 4 fps and has obtained results which check closely those 
from a current meter. This has been done many times.’ In 
the test of the Connersville Pumps at the Neches Canal, Beau- 
mont, Texas, 1906, where the two instruments were used al- 
ternately the average of 9 readings with the current meter gave 
a discharge of 152.99 cu ft per sec while the average displacement 
of the pump for corresponding readings was 152.90. The pitot 
tube for 12 readings gave average discharge of 152.79 cu ft per 
sec while the average displacement of the pump for these read- 
ings was 152.92. The greatest deviation of any single reading of 
slip was less than 2 per cent from the mean; some were negative 
and some positive and the average slip was zero. A repetition 
of this test in 1915 by the writer and Prof. W. Trinks, gave for a 
shorter test, a slip of 0.79 per cent and substantial agreements 
in main results. 

In Louisiana and Texas with irrigation and drainage pumping 
plants to be tested the pitot tube has been the instrument that 
has made these tests possible at reasonable cost. Flumes are 
often found in irrigation plants and if the flume is sufficiently 
long and other conditions are favorable a current meter may be 
used. But in pumping plants for drainage it is seldom that 
conditions are found which are favorable to the use of any instru- 
ment but the pitot tube. Often it must be used in a suction pipe 
or pipes. After using the instrument in many cases where re- 
sults could be compared and evaluated the conviction has grown 
that the tube used intelligently is an accurate instrument. 

The question is, how accurate? The answer must be obtained 
from calibrations which can be checked by weighing or by volu- 
metric measuring. This has been done for the pitometer in the 
hydraulic laboratories of Worcester Polytechnic Institute and at 
the University of Pennsylvania as described in Mr. Cole’s paper. 
Only in the last two or three years have the facilities for accurate 
calibrating of the pitot tube been available in the Tulane Hy- 


12 ‘Test of a Rotary Pump,” by W. B. Gregory, Trans. A.S.M.E., 
vol. 28, 1907, p. 745. 
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TABLE 1 PITOT-TUBE CONSTANTS OBTAINED AT TULANE 
HYDRAULIC LABORATORY 


: Static Timefor Velocities by 
Test Trav- press 6000lb, ——-~-—— Coe 
no. Date erse from sec Weight Pitot c 
1 11-16-34 H W.P. 27.87 6.187 6.311 0.9803 
2 11-16-34 H W.P. 27.95 6.171 6.321 0.9782 
3 3-12-35 H Pitot 27.85 6.190 6.380 0.9700 
4 3-12-35 H Pitot 27.85 6.195 6.344 0.9780 
5 3-16-35 H Pitot 27.90 6.17 6.373 0.9700 
Average of horizontal traverses = 0.9753 
6 3-16-35 a‘ Pitot 27.55 6.255 6.322 0.9890 
7 3-19-35 Vv Pitot 27.75 6.200 6.322 0.9810 
8 3-19-35 Vv Pitot 27.82 6.200 6.303 0.9840 
9 3-19-35 Vv W.P. 27.65 6.230 6.326 0.9850 
10 3-19-35 V W.P. 27.72 6.220 6.343 0.9800 


Average of vertical traverses = 0.9838 
Average of horizontal and vertical traverses = 0.9795 


H = Horizontal. 
W.P. = Wall piezometer. 
V = Vertical. 


draulic Laboratory. The work done has not been in the nature 
of exhaustive research but may prove of interest and will be 
given as a contribution to this discussion. 

The equipment, shown diagrammatically in Fig. 8 of this discus- 
sion consists of a 10-in. steel pipe, axis horizontal, on which a 
constant head may be maintained by pumping, causing a con- 
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TABLE 2. DETAILS OF TESTS 5 AND 6 OF TABLE 1 
———-Test no. 54-——~ ———-Test no. 
Station hy he h v hi ha h v 
1 1.390 0.990 0.400 5.07 1.132 0.710 0.422 5.21 
2 1.463 0.930 0.533 5.86 1.196 0.660 0.536 5.87 
3 1.520 0.877 0.643 6.43 1.260 0.603 0.657 6.50 
4 1.565 0.835 0.730 6.86 1.308 0.570 0.738 6.89 
5 1.626 0.783 0.843 7.37 1.363 0.517 0.846 7.37 
C 1.666 0.750 0.916 7.67 1.394 0.492 0.902 7.62 
6 1.648 0.763 0.875 7.50 1.368 0.516 0.852 7.40 
7 1.593 0.814 0.779 7.08 1.302 0.562 0.740 6.90 
8 1.528 0.872 0.656 6.50 1.250 0.613 0.637 6.40 
9 1.470 0.913 0.557 5.99 1.182 0.664 0.518 5.77 
10 1.383 0.983 0.400 5.07 1.102 0.728 0.374 4.91 
Average without C = 6.373 Average without C = 6.322 


Horizontal traverse. 
+ Vertical traverse. 


three of which were rejected because of apparent errors. The 
averages given are from the remaining 27 sets of readings. 

A small model of the Tulane pitot tube was made by reducing 
all dimensions in proportion from 0.84 in. to 0.40 in. diameter 
of pipe. The small tube has static openings so that it was not 
necessary to use the wall piezometers although a comparison 
could be made between the wall static pressures and the static 
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Pressures — Ft of Water 
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Fig. 9 


stant velocity of flow. Across this pipe traverses may be made in 
vertical or horizontal planes. Although the plane of traverse 
is about 34 diameters from an elbow which lies in a horizontal 
plane, there is but slight distortion of the velocity curve. The 
tube is 0.4 in. in diameter; it was first arranged with wall piez- 
ometers on opposite sides of the pipe in a plane passing through 
the axis and at 45 deg with the horizontal plane. Ten-point tra- 
verses made by student classes in hydraulics last year gave 
pitot-tube constants c as follows: Average = 0.976, maximum = 
0.984, and minimum = 0.967. There were 30 traverses in all, 


of the pitot tube. Five carefully made traverses gave an average 
value of ¢ of 0.9753 for horizontal traverses and 0.9838 for vertical 
traverses or an average for all the traverses of 0.9795. The 
details are given in Table 1 of this discussion. Table 2 of this 
discussion gives the details of traverses Nos. 5 and 6 which are 
shown graphically in Fig. 9b of this discussion. 

The difficulties involved in obtaining a correct static reading 
by means of a pitot tube has already been referred to. The 
difficulties involved in obtaining the same static reading on 
different sides of the same pipe, even when great care is used in 


TABLE 3 COMPARISON OF PITOT-TUBE AND PIEZOMETER READINGS? 


Upper : Lower 

Sta- piez- Pitot Differ- piez- 
tion ometer tube ence ometer 
1 1.320 1.312 —0.008 1.455 

2 1.320 1.311 —0.009 1.458 

3 1.318 1.312 —0.006 1.456 

a 1.317 1.315 —0.002 1.454 

5 1.315 1.317 +0.002 1.450 

Cc 1.310 1.320 +0.010 1.447 

6 1.310 1.321 +0.011 1.446 

7 1.310 1.320 +0.010 1.446 

8 1.310 1.319 +0.009 1.447 

9 1.312 1.315 +0.003 1.450 

10 1.320 1.307 —0.013 1.458 


2 All readings given in feet. 


Upper Lower 
Pitot Differ- piez- piez- Differ- 
tube ence ometer ometer ence 
1.444 —0.011 1.380 1.377 —0.003 
1.442 —0.016 1.380 1.376 —0.004 
1.444 —0.012 1.379 1.376 —0.003 
1 448 —0. 1.379 1.376 -—0.003 
1.452 +0.002 1.379 1.376 -—0.003 
1.453 +0. 1.378 1.375 —0 003 
1.456 +0.010 1.377 1.376 —0.001 
1.455 +0.009 1.377 1.376 -—0.001 
1.452 +0.005 1.378 1.375 —0.003 
1.450 0.000 1.378 1.375 —0.003 
1.440 —0.018 1.378 1.374 —0.004 


4 
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the piezometer openings, has been shown in another paper.'® A 
sample of piezometer studies is given in Table 3 of this discussion 
and graphically shown in Fig. 9a. In taking these readings the 
pitot tube was placed at the various stations in succession and 
the readings taken. The upper and lower wall piezometers show 
differences of pressure that are not great and are nearly constant 
as the pitot tube was moved across the pipe. The difference be- 
tween the static pressure from the pitot tube and the two wall 
piezometers is considerably greater and varies in a peculiar way 
across the pipe. 

Engineers are interested in the pitot tube as a scientific instru- 
ment and as a reliable and accurate device for obtaining the 
velocity of water. Future researches may clear up some of the 
vagaries of angular flow and of turbulence, and determine the best 
dimensions and shape of the tube and the proper location of 
static openings. 

The evidence to date seems to indicate that a carefully made 
simple tube with wall piezometers and also the combined 
tube of the type of the Tulane pitot tube will have a constant 
of approximately 0.98 in turbulent flow and practically unity 
under the most favorable conditions of flow. Those of us who 
have used the larger coefficient have certainly been within 2 
per cent of the truth and possibly closer. How can water be 
measured as accurately at a reasonable cost? 


AuTHOR’s CLOSURE 


The author heartily agrees with R. J. Pigott that the “‘pitot 
tube has an easily determinable and reliable coefficient’ and he 
further agrees that “‘it is as accurate as any of the other primary 
devices when properly handled,”’ but he differs with him regarding 
certain details of theory and practice. 

The symmetry of the velocity traverses does not of itself 
prove a lack of disturbance because in the 12-in. and also in the 
40-in. steel pipes of the Alden Laboratory we measured a mean 
angularity of about 5 deg with occasional jumps to 10 deg and 
15 deg, although the traverse curves are quite symmetrical as 
shown in Fig. 13 of the paper. The traverse curves for the 40-in. 
pipe and for several much larger pipes are not presented for lack 
of space. Lack of symmetry is, however, believed to indicate a 
disturbed flow but “symmetry” is hardly the criterion by which 
to judge of flow conditions, for example, certain traverses with 
depressed centers may be symmetrical with respect to pipe axis 
and yet indicate a disturbed flow. 

Mr. Pigott states that pipe factor increases with Reynolds’ 
number but the work of Stanton and Pannell!‘ shows that it in- 
creases so slowly that in water measurements, as referred to in 
the paper, the pipe factor at all ordinary velocities in a given pipe 
line may be considered as practically a constant. 

In regard to the effect of the supporting rod upon the instru- 
ment coefficient the work of Ower™ would indicate that at the 
equivalent water velocities of about 5 fps the supporting rod may 
affect the coefficient of a pitot tube as far as 20 support diameters 
upstream. Hence, a theoretical analysis of rod-area correction 
becomes unsatisfactory and the results obtained by actual tests 
of area effect, as described in the author’s paper, would appear 
to be more reliable. 

It should be noted that the difference between the mean value 
and either the Alden Laboratory or University of Pennsylvania 
correction curves as shown in Fig. 18 is small when overall 
accuracy is considered. 

13*Piezometer Investigation,” C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, no. 9, 1932, paper HYD-54-1, pp. 1-16. 

14 “Similarity of Motion in Relation to Surface Friction of Fluids,” 
by T. E. Stanton and V. R. Pannell, National Physical Laboratory, 
Collected Researches, vol. 11, 1914, p. 293. 


16 “Measurement of Air Flow,” by E. Ower, Chapman & Hall, 
London, 1927. 
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The author disagrees with the assertion of Mr. Pigott that the 
coefficient depends upon the pipe factor. The author contends 
that the coefficient depends mainly upon the form of the pitot 
tube and its proper correction for rod area as described in the 
paper. The effect of turbulence upon a pitot tube of the com- 
bined type should be to change its coefficient in agreement with 
the cosine of the existing angularity. Two forms of tube are 
presented, one of which overreads to the extent shown in Fig. 27 
and the other underreads the cosine of angular flows to the extent 
as shown in Fig. 31. 

In this connection it is interesting to note that the heavy-duty 
pitot tube shown in Fig. 29 has been rated in the 40-in. steel pipe 
at the Alden Laboratory and also on the revolving boom. Its 
area correction was determined by building up its cross section in 
steps as described for type of tube shown in Fig. 6 of the paper. 
The area correction was found to be 1.05 times the per cent 
change in the pipe area due to the rod projection, and with this 
correction the 40-in. pipe coefficient becomes 0.953 which com- 
pares with the coefficient of 0.957 as obtained on the revolving 
boom in still water. Therefore it would seem to be significant 
that both the overreading and the underreading type of tube 
should have practically the same coefficient in pipes when cor- 
rected for rod area, as was obtained in still water. 

In reply to F. H. Rogers, the author would call attention to the 
fact that the flow in the 12-in. pipe at the University of Pennsyl- 
vania was evidently disturbed, as shown by the character of the 
traverses in Fig. 21 of the paper, and yet the coefficients agreed 
closely with those found at the Alden Laboratory where the 12- 
in. pipe traverses were more satisfactory. 

Mr. Rogers’ assumption that the author’s pitot tube shown in 
Fig. 6 of the paper is unsuited to large pipes or to small pipes 
with turbulence is well answered by the results recently obtained 
for the author at the Alden Laboratory in a 40-in. steel pipe. 
Flow was measured over a weir carefuly calibrated for this test 
by means of tank and scales. Two of the same pitot tubes 
were used as in the original tests in 12-in. pipes and the same 
method of obtaining the rod-area correction was employed 
as described in the author’s paper for 12-in. pipe. These pitot 
tubes were rated as before in the 16-in. throat of the venturi 
meter with tank and scales giving a mean coefficient of 0.870. 
In the 40-in. pipe, a coefficient of 0.863 was obtained which be- 
comes 0.869 when corrected for rod area, using the mean value 
given in Fig. 18 of the paper. In view of this and considering the 
many successful gagings made by the author and others in larger 
pipes,'* it would seem that Mr. Rogers’ assumption may be at fault. 

Mr. Rogers also assumes that a mean angularity of 10 or 15 
deg is commom in normal pipe lines and others have claimed angu- 
larities as great as 30 deg or more. Such claims seem to rest upon 
inference only. A coefficient is obtained in a pipe line and by 
means of laboratory tests it is then found that the simple pitot 
tube must be turned to an angle of 30 deg in order to produce 
that coefficient. This seems to be the only basis for these claims 
while from actual measurement of turbulence, as described by 
the author in his paper, no such angularity has been found in 
normal pipe lines. 

As for the coefficients reported by Mr. Rogers and on which he 
bases his belief in high angularity, it is seen that they were ob- 
tained with large weirs as in the case of the 9-ft pipe at Shaw- 
inigan Falls which gave the simple pitot tube with wall-piezometers 
a coeficient of 0.9761 to 0.9785 from which the angularity of 15 deg 
was inferred. The author has no such faith in the accuracy of 
large weirs and in the absence of information on the method of 
their calibration he is unconvinced. 


16 Research Institute for Hydraulic Engineering and Water 
Power,” Trans. A.S.M.E., vol. 55, 1933, paper HYD-55-3, p. 33. 
See Walchensee tests. 
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In the discussions of Prof. W. B. Gregory and John G. Sutton 
there is evidence of much practical experience in water measure- 
ment with the pitot tube, and it is unfortunate that a higher 
degree of accuracy is not believed by them to have been attained. 
This is probably due to difficulties of the field testing of drainage 
pumps often working under negative heads and perhaps with 
unsatisfactory gaging points available. 

The author gratefully acknowledges the assistance of Prof. C. 
M. Allen, L. J. Hooper, and Clyde Hubbard of the Alden Labora- 
tory, Prof. W. S. Pardoe of the University of Pennsylvania, and 
E. Shaw Cole, in the preparation of the paper. 


Photoflow Method of Water 
Measurement’ 


F. H. Rogers.? The photoflow method of water measurement 
described in the paper is a very ingenious and apparently accurate 
method of determining the flow in closed conduits or penstocks. 
It is certainly an advance over the well-known method of pitot- 
tube traverses used in the tests of many hydraulic turbines in the 
past. The new method has the definite advantages of greater 
accuracy, shorter time, and lower cost than the former traverse 
method, and the consistent results obtained in the test made on 
the units in the Little Falls Pumping Station proved that the 
photoflow method can be used under unfavorable conditions 
where turbulent flow occurs. 


V 


Fie. 1 


The calibration tests of the various pitot tubes, shown in 
Fig. 1 of the paper were made by the writer in 1910 in the testing 
flume of the Rensselaer Polytechnic Institute at Troy, N. Y. 
As pointed out by the authors, for angular flow none of these 
tubes recorded the pressure corresponding to the resolved axial 
velocity, but all gave higher values, thus requiring a coefficient 
less than unity. 

At the time the tests were made at Troy this characteristic of 
the pitot tube was studied to discover, if possible, a theoretical 
reason as to why the tube should read higher than the resolved 
velocity. It was felt, since the tube records pressure correspond- 
ing to the velocity head, that for angular flow it should read 
theoretically the resolved velocity head, rather than the head 
corresponding to resolved velocity. 

Based on this theory the coefficient of a pitot tube may be 
calculated as follows: In Fig. 1 of this discussion let V = absolute 
velocity of water; a = angle of flow with axis of tube; H = re- 
solved velocity head; V; = velocity determined by tube, and 
c = coefficient of tube. Since 


1 Published as paper HYD-57-7, by W. M. White and W. J. Rhein- 
gans, in the August, 1935, issue of the A.S.M.E. Transactions. 

2? Chief Engineer, I. P. Morris Division, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.E, 


H = (V?2/2g) cosa 
then 
Vv, = V [29 V2/29) cos al = VV cos a 


As the true resolved velocity is V cos a, the coefficient of the tube 
will be 


c = Veosa/VV cosa = +/ cos a 


For all angles of flow, except 0 deg, this coefficient will be less 
than unity. 

It was found that tubes B, F, and F in Fig. 1 of the paper, all 
of which had plane surfaces exposed to flow, gave coefficients 
which checked almost exactly the theoretical coefficient obtained 
from V (cos a) up to angles of 20 deg to 25 deg. Applying this 
same theory to the Little Falls tube, Fig. 2 of the paper is here 
~eproduced as Fig. 2 of this discussion but to which has been 
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Fic. 2 


added a third curve showing the velocity calculated from the 
theoretical formula 


= Vy/cosa 


It .s seen that the actual velocity, as measured by the pitot tube, 
checks the theoretical velocity V; very closely up to an angle of 
20 deg, and thus again confirms the previously referred to theory. 

With regard to the range in the values of the coefficient of the 
pitot tube, the average value of 0.976 suggested in the paper for 
normal flow condition appears to be supported by many inde- 
pendent calibrations. This coefficient would indicate, from Fig. 
3 of the paper, an angular flow of about 20 deg from the Little 
Falls tube, or an angular flow of about 18 deg from tube B. Such 
oblique flow seems reasonable, even under normal-flow conditions 
in straight penstock sections. 

The paper also fixes the lower limit of the coefficient of the 
tube tested at 0.970 for conditions of extremely disturbed and 
cross current flow. This value checks the minimum coefficient 
shown in Fig. 3 of the paper at angular flow of 30 deg and also the 
actual calibration of the tubes in tests of the turbines at Little 
Falls Pumping Station, based on volumetric measurement of the 
water. Due to the rather severe bends in the penstocks ahead of 
the measuring section, an average angular flow of 30 deg appears 
quite reasonable. 

Under conditions of greater turbulence and for other designs 
of pitot tubes, lower coefficients have been found. For example, 
in the tests made at Rensselaer Polytechnic Institute at Troy, 


= 
| 
3 
& 
‘ 
Ox QN : 4 
/ 
~ 
< 
N 
= 


DISCUSSION 


N. Y., as shown in Fig. 1 of the paper, tube B shows a coefficient 
of about 0.95 at a 30-deg angle, and tube £ falls as low as 0.93 
at an angle of 40 deg. In the tests made at Eddystone, Pa., 
described by S. L. Kerr,* a tube coefficient of 0.934 was obtained 
when artificial turbulence of considerable magnitude was intro- 
duced by baffles. The visual observation of the yarn streamers 
during this test showed a turbulent condition in which the angle 
of flow varied rapidly from 40 deg to 50 deg on either side of the 
axis. It is felt that such turbulent conditions actually do occur 
in large intake sections where racks, piers, supports, or other ob- 
structions are located close to the measuring section, but it is 
unlikely that such flow conditions exist in closed penstocks even 
though bends may be present. 

The authors point out that considerable error may occur in the 
pitot-tube traverse method, due to the velocity changes and the 
changing distribution of flow occurring at all sections within the 
conduit. This is undoubtedly true if single observations are 
taken for each setting of the tube. If, however, sufficient time 
is allowed to read the pitot tubes and piezometers for each setting 
of the tubes, at least five times, good average values are obtained 
and the total quantity flowing can be checked on repeat tests 
within very close limits. 

For example, a test was made by this method in 1915 on a 
turbine built for the Grace Station of the Utah Power & Light 
Company. The turbine was rated at 16,500 hp under a 482-ft 
head. ‘Traverses were made in an 8l-in. diameter penstock, 
six pitot tubes and eight piezometer openings being used. At 
the maximum quantity of 419 cfs the velocity at the traverse 
sections was 11.7 fps. At six gate openings double traverses of 
all tubes were made for checking purposes. In these tests the 
variation of the quantity, as shown by a single traverse compared 
to the average of the two traverses, was only from 0.06 per cent 
to 0.55 per cent. The average variation for all six runs was 
0.3 per cent. 

In another test made in 1916 on a turbine in the Oneida Station 
of the Utah Power & Light Company, the quantity was deter- 
mined by pitot-tube traverses. This unit was rated at 15,000 
hp under a 140-ft head. Traverses were made in a 12-ft diameter 
penstock, six pitot tubes and eight piezometer openings being 
used. At the maximum quantity of 1126 cfs the velocity at the 
traverse section was 10 fps. Double traverses were made at four 
gate openings. The quantity shown by a single traverse as com- 
pared to the average of the two traverses varied from 0.14 per 
cent to 0.64 per cent. The average variation for all four runs was 
0.3 per cent. 


W. F. Duranp.‘ This paper is most timely in calling atten- 
tion to the hitherto insufficiently recognized fact of the time 
variation of the velocity of flow in a closed conduit at any one 
point, and of the consequent uncertainty surrounding any survey 
of the distribution of velocity over a cross section of the conduit 
by way of a time traverse. The variations in the velocity as 
reported in the paper give some idea of the character of the error 
made possible by such a procedure, especially in the case of 
turbulent and unsteady flow. These characteristics of the flow 
in conduits in general are now well recognized and have been 
made the subject of investigation in various laboratories, but 
have only recently begun to attract the attention in engineering 
circles which their importance merits. 

The purpose of this comment on the paper by W. M. White 
and W. J. Rheingans is, however, rather to call attention to the 
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basic theory on which the use of the pitot tube depends, and to 
relate its indications more definitely to this theory. 

Conditions may be assumed as follows: 

1 A so-called perfect fluid of indefinite extent, the ultimate 
particles of which move uniformly in straight-line parallel paths, 
i.e., steady laminar flow. 

2 A tube of relatively small cross section, with the open end 
facing the flow and with the body of the tube lying in the direc- 
tion of the flow, and the whole connected up after the well-known 
manner of the pitot tube. This brings the plane of the open end 
normal to the flow and disposes the body of the tube in such way 
as to give the minimum distortion in the lines of stream flow. 

Under these conditions it can be shown by rigorous mathemati- 
cal procedure that the lines of flow will dispose themselves sym- 
metrically about the tube and that a central filament of this flow 
of indefinitely small section area will be brought to a full stop as 
it reaches the plane at the open end of the tube. This is the so- 
called stagnation point of the flow. Around this central filament 
the ultimate elements of the fluid will approach the plane of the 
opening, gradually slowing down as they approach nearer and 
coming almost but not quite to a full stop as they turn almost at 
a right angle and flow along the plane of the opening, and then 
become rapidly accelerated as they pass around the edge, turn 
again downstream and pursue their path along and near the 
body of the tube. The nearer the particle to this central fila- 
ment, the more nearly will its velocity be brought to zero as it 
approaches and makes its turn; and the farther away, the less will 
be the curvature of its path as it approaches and passes around 
the tube end, and the less the consequent reduction in velocity. 

Now, by Bernoulli’s law, the dynamic head, transformed into 
pressure and measured by the tube as a part of its total reading, 
will be the integrated resultant of the elements of such pressure 
distributed over the face of the opening, and this will correspond 
to the integrated result of the losses in velocity suffered by these 
elements of the flow. Strictly speaking, only the central filament 
is reduced fully to rest, with the surrounding filaments in contact 
with the small area of the tube opening very nearly but not quite 
reaching this condition. In consequence, only over the indefi- 
nitely small element of area contacted by the central filament 
will the dynamic head in terms of pressure represent the full 
velocity of flow, while over the surrounding elements the pressure 
will be slightly less, the difference corresponding to the residual 
velocity left in these elements of flow as they move over the face of 
the opening. 

Therefore it should be expected that the actual dynamic head 
indicated by the tube would be slightiy less than that correspond- 
ing to the full velocity of flow, representing, as the former does, 
the average of a series of values only one of which has the full 100 
per cent value. 

However, a vast number of ratings of pitot tubes in actual 
fluids (air and water) under conditions substantially representing 
right-line flow, all agree in indicating a coefficient of 100 per 
cent, within the limits of accuracy of the measurements. The 
explanation of this is apparently to be found in two main con- 
siderations : 

1 Even assuming a perfect fluid and ideal conditions, the 
residual velocity of the particles moving over the face of the open- 
ing is so small that the corresponding dynamic pressure head is 
nearly 100 per cent and for the average over this face the reduc- 
tion of the velocity is so near to zero that only refined methods of 
measurement could be expected to indicate a coefficient other 
than 100 per cent. This may be the more readily perceived when 
it is remembered that a residual velocity of one part in ten will 
mean a residual energy and hence a residual-velocity head of one 
part in one hundred or again a residual velocity of one part in 
one hundred will mean a residual-velocity head of one part in ten 
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thousand. It is then quite understandable that with some small 
residual velocity of flow over the face of the tube, the residual- 
velocity head would be relatively much smaller and perhaps 
difficult to detect without refined methods of observation and 
measurement. In consequence, and in the absence of such re- 
fined measurements, the dynamic head would be measured as 
apparently 100 per cent. 

2 We are, however, not dealing with a perfect or ideal fluid 
medium, but with actual fluids exhibiting both viscosity and 
compressibility. The influence of the latter in this connection 
may be neglected; but that of the former will operate to slow down 
the actual flow over the face of the tube and to reduce the sharp 
acceleration around the outer boundary of the tube opening. The 
general result will be, therefore, a still nearer approach to zero 
velocity for the particles flowing over the face of the tube and a 
still nearer approach to 100 per cent for the tube coefficient. 

It is not surprising, therefore, that under the conditions of 
rating test with actual fluids, a coefficient of 100 per cent is 
indicated within the limits of accuracy available for such measure- 
ments. 

If now the tube were turned so that the face is no longer normal 
to the flow, it is readily seen that the whole flow picture will be 
profoundly changed. In such case there is no ground for assuming 
that the decrease in the velocity of a filament of the fluid flowing 
over the face of the tube will have any simple relation to the com- 
ponent of field velocity normal to the face. In fact, the entire 
field of flow about the tube will now be dependent in scme degree 
on the form and size of the body of the tube as well as on the angle 
of inclination. In any and all cases, however, it must be remem- 
bered that the pressure indication given by the tube is simply the 
integrated average result of the reductions in velocity experienced 
by the filaments in the field of flow which in their course pass to 
and over the face of the tube, and that the character of this 
flow rapidly becomes complex as the face of the tube is inclined 
from the normal. 

Fundamental fluid mechanics thus give adequate ground for 
the general use of a coefficient of unity, while under ideal conditions 
and strictly speaking, it should be slightly less. It also indicates 
clearly why the tube cannot be expected to give similarly exact 
indications for the component of flow normal to the face when 
such face is oblique to the main direction of flow. 

These various considerations again show clearly why, with the 
tube in normal use in turbulent flow with cross current and peri- 
odic changes in velocity both in magnitude and direction, weshould 
expect the need of a rating coefficient somewhat as the authors 
of the paper have indicated. Perhaps the most surprising and 
gratifying consequences of these conditions are found in the indi- 
cations of the relatively small influence due to turbulent and ir- 
regular conditions of flow, and in the resulting high and nearly 
constant value of the coefficient for apparently wide variations 
in these conditions. 


Lewis F. Moopy.®' Prior to the introduction of the Gibson 
pressure-time method and the Allen salt-velocity method of 
measuring water, the pitot-tube method was one of the most 
approved means of measuring water in hydraulic turbine tests, 
and was widely used. The method of application of the pitot 
tube described in this paper represents a real advance in the tech- 
nique of water measurement, and makes possible a rejuvenation 
of the earlier practice and a renewed utilization of this simple and 
useful instrument. Both turbine designers and users should 
welcome every practical means of securing performance data. 
Dr. White’s pioneer work with the pitot tube and his convincing 
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demonstration of its principle in 1901 entitles him to speak au- 
thoritatively on this subject; and the recent experiments reported 
by Dr. White and Mr. Rheingans are of much interest on both 
theoretical and practical grounds. 

The older method of measuring conduit discharge by pitot 
tube, by traversing the measuring section with two tubes and 
taking readings at successive locations of the tubes, is still be- 
lieved to be capable of giving reliable results, but only at the 
expense of a great amount of time and labor. A single reading 
of the tube at each point is not sufficient, but a series of readings 
must be taken covering a time interval greater than the cycle 
of variation of the velocities. The complete traverse, therefore, 
requires a long period of time, usually at least a half hour, even 
when a large company of observers and recorders may be used. 
In some of the older tests, eight or more men were used to make 
and to record the observations, which lasted for about 30 to 40 
minutes for a single measurement under the best conditions. 
With the photoflow method, this time may be very greatly re- 
duced, and the photographie recording precludes personal errors 
of observation. 

This factor of time required for a single run, giving one point 
on the efficiency curve, is a serious one in the testing of turbines. 
The same difficulty as was encountered in the use of the older 
pitot-tube method also enters into measurements by current 
meter, and in even greater degree. It might be thought that no 
great harm would result from extending a measurement over a 
long time; but as pointed out by the authors the regime of flow 
in a conduit is continually changing, even if the total discharge is 
kept perfectly constant, which is rarely accomplished. In prac- 
tice it is impossible to keep the head and power output of a 
turbine unit absolutely constant for a long period of time, and 
even if the water-measurement observations correctly correspond 
to the actual flow at each instant, the resulting turbine efficiency 
really represents an average value for at least a small range of 
discharges. 

It will be evident, for example, for points at or near the peak 
of an efficiency curve, that the true maximum efficiency will not 
be obtained, but rather an average value which will necessarily be 
lower, although it is supposed to constitute a single point on the 
curve. The continually changing flow distribution of course 
introduces considerable possibilities of error, and any individual 
reading may not correspond at all correctly to the total discharge 
occurring at that instant. The unstable nature of the flow con- 
ditions at usual velocities is generally recognized, since usual 
magnitudes of velocity and size of conduit involve large Reynolds’ 
numbers far beyond the critical values and far up in the zone of 
turbulent flow; so that the ‘“‘mean velocities’? which we are at- 
tempting to measure are only statistical averages of values 
subject to complex or random effects. Hydraulic experimenters 
are familiar with the difficulty of attempting to reestablish a 
given condition of flow if an experiment is interrupted and re- 
peated. These difficulties still have to be struggled with in 
current-meter measurements, and it is encouraging to find that 
they have been minimized in the pitot-tube measurements by 
the use of photographic recording. 

The paper points out the necessity for applying a coefficient 
of less than unity to the apparent velocities indicated by the tube 
to provide for the oblique and unsteady flows in the conduit. 
The good agreement of the angular tests shown in Fig. 3 of the 
paper with the experiments carried out in 1913 at Troy, in still 
water, by F. H. Rogers and the writer, is of much interest.® 

In comparing the values of coefficients reported by Messrs. 
White and Rheingans with those found by S. L. Kerr,* one might 
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think at first glance, that some discrepancy exists. ‘The writer 
is of the opinion that the differences may be readily accounted for. 
Dr. White and Mr. Rheingans are treating of the field of measure- 
ment in usual penstocks and conduits where ordinarily consider- 
able straight lengths of conduit exist at the measuring section 
and where abnormal or artificial disturbances do not usually 
occur. Mr. Kerr’s tests,? on the other hand, were purposely made 
to include artificial disturbances close to the measuring section 
created by wide bars of various forms introduced in the stream. 
Such obstructions are actually encountered sometimes in prac- 
tice, as when a measuring section is immediately downstream 
from coarse racks and supporting structures. The abnormal 
turbulence of the complex and indeterminate flow conditions thus 
caused make such sections unsuited to precise measurements 
in the field, but nevertheless they sometimes exist. 

Although the Little Falls measuring section, as pointed out in 
the paper, left much to be desired for a precise measurement, it 
may be noted that while considerable distortion of the flow was 
to be expected from the conduit bends near the section, the 
distortion could be measured and the angularity of the flow 
could be expected to be fairly permanent and not particularly 
unsteady. This condition is very different from a series of coarse 
bars or wide plates a short distance upstream from a section, as 
tested by Mr. Kerr,? where an abnormal and highly turbulent 
condition was created, the entire flow probably being broken 
up into small eddies. 

In conclusion, it is hoped that the authors will have occasion 
to continue their work in the field, and in particular that oppor- 
tunities may be found to compare the results by volumetric 
measurement with those given by their method when applied to 
favorable measuring sections. 


Forrest NaGuer.’ The writer has long thought that any of 
the point-velocity methods of measuring water must be premised 
on a rigidly supported device that is symmetrical about an axis 
in line with the flow. This is in contrast to a device like the cup 
type of current meter that may overregister, or underregister 
when subjected to horizontal or vertical angularities. The sym- 
metrical types of meters are confined to the axial-flow or screw 
types, with which alone some attempts may be made to register 
the desired cosine function as shown in Fig. 2 of the paper. The 
pitot type used by the authors possesses this inherently neces- 
sary qualification of symmetry about a mean flow line. Fig. 2 
of the paper indicates that it approaches the desired cosine 
relationship more closely than any other device the writer has 
had contact with. 

Naturally considerable attention must be given to the basic co- 
efficient of the pitot tube and it is of interest that the authors have 
referred to what was, at one time, a rather intensive three-cornered 
argument between authorities as to the basic formula. If the 
writer remembers correctly, the late Gardner S. Williams held 
up one corner of this argument with Mr. Kent and Dr. White 
for several years, but conceded the 2 under the radical. 

The authors’ description of the flow of water as it “moves 
spirally, intermingles and rolls from the center of pipe to the wall 
and back to center, continuously, but without loss of position in 
the march of flow,” was once very aptly pictured by Herschel 
as being similar to the contents of a feather bed blowing down an 
alley. Repetition of this description can hardly be too frequent 
to help dispel the incorrect impression of flow lines given by 
textbook sketches. 

Referring to the author’s description of the layout of the tube 
B in a 12-in. pipe, the thought arises as to how much effect on the 
actual velocity in front of the opening was introduced by the 
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changing projected area of the tube itself, as it was turned through 
varying angles. The increase in cross section could hardly have 
helped generally reducing the velocity in the center of the pipe, 
and whether the tip reached outside of that reduced area may be 
open to question. In any event the recorded cosine performance 
must be the result of more than the effect of the impinging angle 
itself. 

Referring to the authors’ Figs. 1, 2 and 3, it will be noted that 
tube C of Fig. 1, and the tube on Fig. 3 do not differ very much. 
However, the former seems to require a minimum coefficient of 
about 0.92 at a 30-deg angle, whereas the latter requires a coeffi- 
cient of about 0.97. The reason for this wide discrepancy is not 
quite evident. Furthermore, the curve on Fig. 3 indicates that 
the coefficient should never be below about 0.97 for a fixed angu- 
larity of 30 deg. Such fixed angularity is decidedly unusual in a 
parallel conduit, and is not in keeping with the “feather-bed” 
type of flow. With that type of flow, the angle varies continually 
from a certain maximum, such as 30 deg, through zero, and to a 
maximum in the other direction. 

With such a condition, the average coefficient would naturally 
not be the extreme one, but rather would be the average between 
that extreme and unity. On the assumption that the coefficient 
curve may be approximated by a radial section through a par- 
aboloid of revolution, the mean ordinate will be one half of the 
extreme one. From this relationship, it is difficult to see how 
the coefficient could ever be less than 0.985 for any degree of 
angularity with the tube shown in Fig. 3 of the paper. 

Is it possible that there is an additional inertia effect, similar 
to that which exists with a current meter, due to its flywheel effect, 
which actually distorts the relationship shown in Fig. 3 of the 
paper, making the coefficient lower, much as shown in Fig. 1 of 
the paper? 

To emphasize this point, it is difficult to see how a tube which, 
under the most extreme and fixed angularity overregisters enough 
to require a 0.97 coefficient, would require a coefficient anywhere 
near as low as 0.97, if the flow varied from zero up to any given 
angle, such as 30 deg, because the average under the curve up to 
that point certainly is much greater than 0.97. 

With reference to the simultaneous photographing of the pitot- 
tube readings, it seems that the biggest advantage would arise 
because an actual picture is preserved of the source observations, 
in contrast to written figures which may contain errors of obser- 
vation or recording not later checkable. A simultaneous record- 
ing of events may correctly summarize the conditions across the 
section at that instant, but only successive repetitions at intervals 
out of tune with possible pulsations can give a correct indication 
of the actual average flow. It is noted that the authors actually 
apply this method, as indicated in their Table 3. In this table, 
the instantaneous feature involves indications varying by nearly 
2 per cent. 

The same result is accomplished with the usual traversing- 
point method. This is true whether the point be rigidly fixed 
for each observation, or whether it be moved continuously, as 
was quite popular with Michigan engineers about twenty years 
ago. The velocity variations which the authors obtain by an 
instantaneous photograph are those which exist across the measur- 
ing section. Those which they obtain by taking repeated shots, 
are apparently those which may be described as variable velocity 
of the “slug of salt.’”” The only danger in the latter, seems to be 
that of synchronizing the shots with the pulsations, which might 
introduce that type of systematic error which is infinitely worse 
than all accidental errors. 

Probably one of the most vital defects in any point method 
lies in the effect of the insertion of a measuring device on the flow 
in across section All such point-method determinations basically 
tend to underregister because the flow directly in front of any 
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such indicating devices is automatically slower, by reason of the 
presence of that device, than it would be if it were not there. In 
other words, when a current meter or pitot tube is inserted in a 
cross section, the flow goes elsewhere. All writers on current 
meters and similar devices religiously avoid this basic considera- 
tion. The writer is not free from blame in this respect. An ex- 
treme view of this feature may be had by assuming an open chan- 
nel, perhaps 10 ft deep and 20 ft wide. The hydraulic radius is 
proportional to 5, that is, the area divided by the wetted perimeter. 
The hydraulic radius of each half is 5, that is, 100 divided by 20. 
If we now insert a rod or a cable in the middle of one side, the 
hydraulic radius, if the current meter is at the bottom, is im- 
mediately cut in half, that is, reduced to 2'!/;. Moving water, es- 
pecially when at slow velocity, responds very quickly to extremely 
minor influences, and for a condition like this, the side where 
the current meter is not in use, naturally picks up more flow, which 
is not recorded by the instrument. This extreme relation applies 
to all of the traversing type of supports, and to a limited extent, 
to all fixed types of supports. The tests made with the former 
can readily show 5 or 10 per cent underregistering of quantity. 
Groat® gives some very significant instances of error with a very 
usual arrangement of current meters. The pitot tube has the 
advantage that it presents less bulk or projected area to retard 
the flow where it makes its record, but like the cup type of current 
meter it overregisters the cosine function sufficiently to partly 
compensate for the inherent defect. 

It is probably only the decided overregistering characteristics 
of the cup type of current meter, and of any type of current meter 
swinging free, which has permitted an accidental error com- 
pensation sufficient to permit tests to be accepted. When tests 
show efficiency well over 100 per cent, even the most rigid advo- 
cate of current meters will hesitate to back up their indication, 
such instances are on record. Unfortunately it is only those 
percentages above 100 per cent which are thrown out. If the 
flow to the turbine of 90 per cent actual efficiency is under- 
registered 10 per cent, so that the efficiency is indicated as 100, 
naturally the results are thrown out, but if the meter happens to 
overregister 10 per cent, so that the results are indicated at 80 
per cent they are accepted without question, and the manufac- 
turer has a real job on his hands. 

It is because of this feature that the free-swinging meter, or 
any free-swinging device which must show those components 
indicated by the outer circle through 5 fps in Fig. 2 of the paper, 
are not to be considered in any kind of disturbed flow. It will be 
noted that the 100 per cent circle in Fig. 2 of the paper lies well 
outside of the pitot-tube measurement at all angularities above 10 
per cent. The authors are to be congratulated on having based 
their method on a device which comes as close to the desired 
cosine indication as disclosed by their Fig. 2. 

In addition, the use of a device which permits of the easy instal- 
lation of a large number of points is conducive to reducing errors 
arising from distortion of flow caused by the insertion of a device 
of any kind. It seems, however, that the sectors of Fig. 6 of the 
paper are rather large, ard that the line of pitot tubes with their 
support, would automaticaily locate them in an abnormally 
low-velocity region. This would require a decided increase in 
the coefficient which might place it well above unity. This con- 
sideration, and that arrived at from inspection of the authors’ 
Fig. 3, wherein the minimum coefficient of 0.97 ought to be 
increased to something over 0.98 to allow for wobbly flow, seem 
to the writer to call for a coefficient decidedly in excess of 0.97. 
That the volumetric tests made by the authors check a coefficient 
of 0.973 seems merely to indicate that some other effect entered. 

It would be of great interest to see a curve similar to the authors’ 
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Fig. 3, based on using the same pitot tube in a still-water rating 
tank and also in a smooth large-area stream of flowing water. To 
the fixed-angularity readings there should be added a set of 
“wobbly” readings, wherein the tube point is continually and 
rhythmically moved through various angles, up to successively 
greater ranges on both sides of neutral. Such a test would come 
close to defining the basic effect of disturbed flow in so far as it may 
be represented by varying angularity. 


L. J. Hooper.’ There are several points brought up in the 
paper by Dr. White and Mr. Rheingans on which more informa- 
tion would be desirable. 

The most important question is the coefficient of the pitot 
tubes as used in this test. It is stated that the coefficient was 
found to be 0.973 in one case and 0.970 in the other and that the 
reason for this low coefficient is the turbulent or angular flow of 
the water in the test section. It is realized that the Little Falls 
Pumping Plant presented most unfavorable testing conditions 
with respect to turbulent and angular flow and that the low coef- 
ficient of about 0.97 may be due to this fact alone. However, the 
supporting evidence of this test leaves considerable doubt as to 
what range might be expected for the coefficient for future tests. 

There has been considerable work done on pitot tubes by a 
number of investigators. They have been unanimous in their 
opinion that an impact point centrally located in a surface of 
revolution perfectly converts velocity into velocity head. In 
other words, the coefficient of such an impact tube is unity. 
Further, Dr. White’s impact tube when rated by itself in smooth 
flowing water has a coefficient of unity. 

Several years ago at the Alden Hydraulic Laboratory pitot 
tubes were rated in a 36 X 16-in. venturi throat and in a 12-in. 
line. The pipe factor in the first case was 0.956 and the flow 
conditions undoubtedly smooth. In the second case the pipe 
factor was 0.785 and the water flow was turbulent due to two 
elbows in planes at right angles to each other, being located 28 
ft upstream. The coefficients of the tubes checked perfectly. 

During the tests on the 12-in. line a sensitive angularity indi- 
cator was made and used. The maximum angle read was 3 deg 
and in general few readings were obtained in excess of 1 deg. It 
would seem from the description of the photoflow method that 
the magnitude of the angular flow was arrived at inferentially 
and was not measured directly. In other words, there may have 
been other causes for the apparent depression of the pitot coeffi- 
cent from unity to about 0.97. 

In the first place it can be shown both theoretically and experi- 
mentally that an obstruction in a water passage influences the 
direction and the magnitude of the velocities upstream from the 
obstruction. For instance, a l-in. diameter pipe can have a1 per 
cent effect upon the velocity at a distance of 5 in. upstream paralle! 
to the axis of the pipe. Inasmuch as the pressure piezometers 
were only about 2 in. upstream from the frame, it is extremely 
likely that the form, size, and location of the grid supports had an 
influence on the apparent coefficient of 0.97. 

In the next place the volumetric check of the coefficient is only 
as accurate as the determination of the volume and this in turn 
depends upon the calibration of a venturi meter. It would be 
of interest to know when and how this meter was calibrated and 
what further checks were available to insure that the meter wa~ 
operating in the same fashion as it was when it was calibrated. 

It would seem that a converging section such as the penstock 
contraction at the entrance to a scroll case would require special! 
treatment in the location of the impact tips. The velocity traverse 
in this case would be flat over the central portion of the pipe 
with a sharp shoulder relatively close to the pipe wall. In a 16-in. 
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venturi throat this shoulder is only 1!/, in. out from the wall. 
In such a case several velocity determinations must be taken 
between the shoulder and the wall of the pipe. On an equal-area 
basis a large number of impact orifices would then be necessary. 
In any case, near the wall of the pipe the orifices would be so close 
together that there is a strong likelihood of the tips interfering with 
each other hydraulically. 

At one point in the text it is stated that ‘“Thus accurate deter- 
minations of the average velocity is nearly impossible with past 
methods.’ The statement is very sweeping. Several pipe-factor 
determinations are recorded where there were ten or more points 
on each curve. Usually one point can be found which is about 
| per cent from the curve, but the remainder of the points lie well 
within 0.5 per cent of the curve. A water wheel on hand control 
regulated the flow of the water and the test conditions were 
similar to a commerical test. The discharge in all tests was 
measured by a 10-ft weir and a 36 X 16-in. venturi meter, both 
metering systems being calibrated by a weighing tank. However, 
the fact remains that an error larger than 0.5 percent in determin- 
ing the mean velocity was exceptional rather than the converse 
being true as stated in the paper. 


E. 8. Core.'® This paper has special interest since it questions 
the accuracy of the well-known pitot-traverse or pitometer method 
of flow measurement which has been extensively used in city 
water mains and water-power penstocks. 

Many thousands of pitometer traverses have been made since 
1896 when the method was developed, and it is safe to assume 
that very few of these tests would have been undertaken had it 
been necessary to cut the pipes, interrupt the flow or install the 
obstructing interior fixtures with the many pitot and piezometer 
connections as described in this paper. 

The combined pitot tube or pitometer is quite well known. It 
carries both dynamic and static openings in the same tip, so 
formed as to read the cosine of angular flows to 6 deg of angularity. 
Greater angularity than this seems to be unknown in normal pipe 
lines such as are commonly found in power plants or city mains. 

The pitot-traverse method may not be well suited to certain 
abnormal pipe locations but its velocity readings always indicate 
the suitability of a given location so that misleading results are 
avoided. * Pitometer coefficients have been obtained with great 
care at Professor Allen’s hydraulic laboratory at Worcester, Mass. 

The extreme simplicity of the pitot-traverse method and the 
rapidity with which tests are made with it has always been its 
distinguishing feature. 

A velocity traverse is usually made on two diameters at right 
angles. Pitometers are inserted through valves suitably spaced 
around the pipe section, and these valves may be installed with- 
out removing the water from the pipe line or interrupting the 
service. Readings of velocity head are recorded at the mid-width 
of a number of equal-area rings, usually ten in a large pipe, simul- 
taneously on opposite sides of each ring. They are always re- 
corded during a complete cycle of velocity variations with per- 
haps ten readings at each point, the mean of the square roots of 
these readings being plotted as one point on the corresponding 
velocity traverse. Thus four values of mean velocity are ob- 
tained for each ring spaced 90 deg apart, from which the ring dis- 
charge is computed. Certain refinements in this procedure have 
been suggested but are usually unnecessary. 

The remarkable agreement of repeated velocity traverses and 
computations is evidence enough of their accuracy and dependa- 
bility. Seldom do check traverses differ by as much as 0.5 per cent 
in normal pipe locations at uniform flow. Often this agreement 
is within 0.25 per cent or less under favorable conditions and this 
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well-known fact should entitle the pitometer method to the 
highest respect. 

The time required for making a traverse has been misrepre- 
sented in the paper, for with four pitometers at 90 deg it is pos- 
sible to make a ten-ring velocity traverse in 20 minutes. The 
installation itself may be made very quickly, as the valves and 
shelter boxes are set in advance. The cost and inconvenience of 
an installation should always be considered along with the ac- 
curacy expected in comparing various test methods and when 
this is done the pitometer method compares favorably with any 
other. 

Ring integration based on a velocity traverse not only gives 
flow but also fixes the ratio of mean to center velocity which is 
called the “pipe factor” since it reflects the roughness of pipe 
wall and the general flow characteristics of the actual pipe loca- 
tion. Having this pipe factor it is only necessary to read the cen- 
ter velocity to have at once a very accurate determination of 
flow at the moment. For example, with pipe factors fixed by 
velocity traverses made at five or six gate openings, it is possible 
to make any number of short tests at intermediate loads or to 
record the flow continuously if required. 

In view of the many successful pitot-traverse tests, the authors’ 
statement as to the inaccuracy of this method seems unwarranted. 

To give but one example: At Walchensee in 1929 at half-load 
and at three-quarters load, the pitometer results were well within 
0.25 per cent of current-meter and salt-velocity values in a steel 
pipe of about 7-ft diameter. 

The authors claim that the photoflow method, with a coeffi- 
cient of 0.976 in circular conduits “should have an accuracy of 0.5 
per cent because of the narrow range limit of the coefficient 
for various conditions of flow,”’ will bear more supporting evidence 
than has yet been presented. If, as is well known, a simple pitot 
tube has a coefficient of unity in straight flow, how is it that 
0.98 is the largest angularity coefficient possible? For under 
favorable flow conditions, especially in converging sections, this 
coefficient should approach unity. It is to be noted that the 
angularity tests were made at one velocity only. The low coef- 
ficient obtained by the authors may have been due to (1) grid 
interference affecting the pitot readings, (2) effect of the closely 
spaced pitot tubes upon each other, (3) the small number of 
rings employed, or (4) an error in the calibration of the venturi 
meter which was used in volumetric tests. The claim that a 
coefficient of 0.976 is within 0.5 per cent of the correct value, 
therefore, seems to be unproved. 

The statement regarding the ‘‘many high-frequency fluctu- 
ations in the water columns which tended to cancel each other’”’ is 
interesting for with these water columns and their erratic jumping 
under air pressure, it seems unlikely that the camera should 
always record readings which are exactly related to one another. 
Any variation in the length or frictional resistance of the various 
connecting tubes must necessarily cause a lack of synchronism 
in the cycle phases, but this source of error seems not to have 
been considered by the authors. 

The claim that the photoflow method at Little Falls gave the 
true flow within 0.25 per cent or less, therefore, seems rather too 
optimistic in view of the extremely unfavorable flow conditions 
and the nature of the volumetric test methods employed. 


W. S. Parpog.'! The authors are to be congratulated for 
developing a method which makes it possible to use pitot tubes 
where, as in the case at the Little Falls Plant, the conditions 
are such at the metering section that vortex or diagonal flow is 
almost assured. 

Numerous tests of plain pitot tubes in the hydraulic laboratory 
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TABLE 1 TEST OF 4 Pee ret TUBE IN A 4-IN. 


ASS PIPE 
-——First reading—— -——Second reading—~ 
Gage Gage 
Location reading v(2gh) reading v (29h) 

—8 0.510 2.84 0.605 3.09 
+8 0.515 2.85 0.665 3.24 
+7 0.610 3.10 0.765 3.47 
—7 0.650 3.20 0.850 3.66 
—6 0.690 3.30 0.940 3.85 
+6 0.695 3.31 0.935 3.84 
+5 0.715 3.36 0.945 3.86 
—5 0.765 3.47 1.06 4.09 
4 0.865 3.69 1.15 4.26 
+4 0.830 3.62 1.09 4.15 
+3 0.910 3.79 1.185 4.32 
—3 0.920 3.81 1.25 4.44 
—2 0.990 3.95 1.36 4.63 
+2 0.980 3.93 1.34 4.60 
+1 1.030 4.03 1.42 4.73 
—1 1.050 4.07 1.43 4.74 
Total = 56.32 Total = 64.97 

Avg = 3.517 Ave = 4.062 


First reading: Weight of water = 6005 lb; time = 5 min 14.1 sec; volume 
= 0.3068 cfs; velocity = 3.515 fps. Therefore C = 3.515/3.517 = 0.999. 
Second reading: Weight of water = 7007 lb; time = 5 min 16.5 sec; 
— = 0.3553 cfs; velocity = 4.07 fps. Therefore C = 4.07/4.062 = 
1.0015. 

Specific of gage liquid = 0.755. 

Two readings taken at the mid-width of 8 equal-area rings. 
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REVOLUTION OF A PLAIN PiToT TUBE IN A 7-IN. PIPE 


of the Civil Engineering Department of the University of Penn- 
sylvania have convinced the writer that the coefficient of a pitot 
tube with wall-piezometer connections is unity for turbulent 
nonvortex flow, that is, where the Reynolds number is well 
above 10,000. Table 1 of this discussion contains the results of 
recent tests which gave coefficients of 0.999 and 1.0015. A large 
number of other tests gave an average coefficient of 1.0012. 
When the authors rotated the Little Falls tube at the center 
of a 12-in. pipe on the discharge end of a centrifugal pump, they 
could not have chosen in the writer’s opinion a worse place for 
the location. Straightening vanes may have some beneficial 
effect. But aside from this fact, when the point of the Little 
Falls tube is rotated it is at least 2 in. away from the center line, 
and is at a point where the velocity is not equal to the central 
velocity and therefore should show a coefficient less than unity. 
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In Fig. 3 of this discussion the writer presents a curve show- 
ing the effect of revolving a plain pitot tube in a 7-in. pipe. At 
15 deg a coefficient of 0.999 was obtained while at 30 deg the 
coefficient was 0.986. These values were obtained in the 7- 
in. pipe with the tube shown in Fig. 3 of this discussion. This 
tube is '/, in. long from the center of rotation. 

The writer therefore is of the opinion that the authors must 
use a coefficient of unity and estimate the value of their C from 
the surrounding conditions at the gaging section when flow is 
diagonal or vortex. 

The writer does not agree that angular flow is “encountered in 
all conduits.” Angular or vortex flow soon dies out in a straight 
line of pipe. Turbulence exists at all times, but the angle made 
by any particle is so small that its cosine is very near to unity. 
The writer cannot believe that the authors would like to use a 
coefficient of 0.976 in an acceptance test of one of their pumps. 


J. F. Ronerts.!* The writer does not agree that any system 
of water measurement which measures the flow only to certain 
points is entirely accurate. The authors have taken the equiva- 
lent of three traverses of the pipe, one vertical and the other two 
at 60 deg from the vertical in both directions. An average of 
the vertical traverse readings taken from Table 1 of the paper is 
5 per cent less than the value the authors have obtained for their 
answer. The traverse of points 5 to 10, inclusive, is 5 per cent. 
too high, while the other diagonal points, 18 to 23, inclusive, are 
very nearly the mean of the other two and within 0.5 per cent of 
the answer they have obtained. It is questionable whether or not 
the authors have covered the area sufficiently with only three 
traverses but it is hoped that a sufficient number of points have 
been taken to give a true average. The same argument applies to 
current metering, and to the salt-velocity method when bowed 
electrodes are used to span the pipe. 

In the writer’s opinion, the best true average is obtained with 
the chemical or salt-solution method, provided the solution is 
given sufficient time to be uniformly mixed with the water. 
An infinite number of readings might be obtained with the salt- 
velocity method if two diaphragms of fine screening for electrodes 
were used, but in this method difficulties are encountered near 
the edge of the pipe in steel penstocks. 

In making a test on a hydroelectric plant the question of time 
is often of prime importance. The authors mention that the 
photoflow method allows the test to be run in a minimum of 
time. However, in many cases, the time of testing is unimpor- 
tant, but the “time of shutdown” to get ready for the test is very 
important. This time would be considerable for the photoflow 
method, whereas in moderate-head plants penstock can frequent!y 
be drilled for conventional pitot-tube and piezometer inlets with- 
out a shutdown. 

Another point mentioned by the authors is that one man can 
conduct a complete test with the photoflow apparatus. This 
might be feasible, but certainly not desirable. The writer believes 
Mr. Groat® has expressed the situation very well when he said 
“An efficiency test cannot be efficiently conducted to obtain the 
true efficiency,’ meaning that plenty of help and a considerable 
number of gage readers and meter readers is desirable. 

The authors state that none of the connections were throttled. 
This can only be true when the size of water passage is uniform 
from piezometer opening to gage glass. With a '/j.-in. hole in the 
pitot tube, and glass tubing of 1/,-in. to 3/s-in. internal diameter, 
the throttling effect is considerable. What the authors have 
really obtained is an integrated mean of the rapid fluctuation or 
changes of velocity and pressure, and not an instantaneous read- 
ing of the true pressure at all of the tubes. However, the writer 


12 Hydraulic Engineer, Power Corporation of Canada, Ltd., Mon- 
treal, P. Q., Canada. 


162 
1 
( 
\S [se 
Soe 
° / 
© \ | / 
= / 
/ 
° 
f 
2. 
oD e/~ 
A 
© 
° 


DISCUSSION 


does not doubt but that by averaging six such readings a result 
very close to the correct one is obtained. 

The authors are to be congratulated on the entire absence of 
integral signs and complicated equations in this paper. Surely 
in a paper dealing with ¥ (2gh) and integrated flow there is just as 
much opportunity for introducing long equations as in a paper 
dealing with surge tanks and pressure surges, but the authors 
have carefully avoided them. The writer feels that papers such 
as this are of far greater benefit if kept in the ordinary language of 
the commercial engineer. 


J. D. Scovitte."* In the last analysis is it not essential that 
the method described by the authors be applied only in straight 
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penstocks where the flow is undisturbed and undistorted by elbows 
and obstructions? For accuracy, the method depends on the 
correctness of the pressure as well as the pitot-tube readings. 

The authors refer to a paper on piezometers' and state that 
angular flow in a pipe may produce considerable error in the pres- 
sure observations. Are the authors justified in applying the 
method in a location such as Little Falls which would not be 
considered as suitable for a pitot-tube or pitometer traverse? 

The authors determine the variation of the pitot-tube co- 
efficient with angularity, and show in Fig. 3 of the paper that the 
minimum coefficient of the pitot tube is 0.97 with an angularity of 
30 deg. Do angular flow and turbulence produce the same effect 
on a pitot tube? S. L. Kerr has shown? that turbulent flow may 
produce coefficients as low as 0.96 at 5 fps and still smaller at 
lower velocities. 

The writer realized that the authors very carefully calibrated 
the pitot tubes used at the Little Falls Plant and obtained a 
coefficient of 0.97. May it not be somewhat different for other 
installations where it will not be possible to make this calibration? 

In Fig. 4 of this discussion the writer shows a curve of dis- 
charge against gate opening obtained by the multiple pitot-tube 
method on three tests of the same turbine. Curves B and C are 
tests of the same runner at different heads. Curve D is a test 
on a cast-iron runner of the same design as the one for B and C 
which was built with plate-steel buckets. Curve A is calculated 
from the laboratory test on a runner homologous to B and C 
runner. It would be rather remarkable if the discharge coefficient 
of arunner in the field were 25 per cent larger than for its prototype 
in the laboratory as it is indicated at 0.70 gate. It is unbelievable 


13 Hydraulic Engineer, S. Morgan Smith Company, York, Pa. 
4 “Piezometer Investigation,’’ by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, paper HYD-54-1. 
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that a cast-iron runner would show 33 per cent more discharge 
than its prototype of plate steel. And yet the tests indicate 
approximately this increase at one part of the curve. The pitot 
tubes for this test were located 8 ft downstream from the intake, 
which location was very poor. There was undoubtedly consider- 
abie turbulence at the point of measurement which accounts for 
the erratic results. 

Does this not indicate the danger of using this method without 
the required length of straight penstock ahead of the pitot tubes 
as recommended by the A.S.M.E. Test Code for Hydraulic Power 
Plants? 


Henri Decton.* The method presented by the author for 
computing piezometer and pitot-tube readings is subject to the 
following remarks. 

1 The true pressure, in a bend at points where pitot-tube 
readings are made, is different from the mean pressure. 

2 Subtracting the mean pressure from the piezometer readings 
gives velocity heads and consequently velocity distribution differ- 
ent from the true distribution. 

3 The method employed checks for the example given with a 
coefficient of 0.97. 

4 The mean velocity computed from the mean of the velocity 
heads is different from the mean velocity computed from the 
mean of the velocities. 

The pressure distribution in the cross section of a pipe or a 
canal must be known to use the photoflow method for field test. 

Regardless of the velocity distribution, the sum of pressure 
head plus location head is constant in a straight pipe or canal as 
shown by the Helmoltz theory.1* 

The uneven distribution of the velocities in straight pipes is 
caused by (1) disturbances originating at the intake (if not prop- 
erly designed) or at bénds and (2) by wall friction which creates 
local suppression and motion of particles from the periphery to- 
ward the center and from the center toward the periphery. 

It is justifiable to use a mean pressure in the cross section of a 
straight pipe. However, great care should be taken to measure 
the pressure correctly, using at least three peizometers to detect 
angular flow at the piezometer location caused by disturbed flow, 
which causes the piezometer to over- or underregister. 

Generally, the photoflow method will be used to measure dis- 
charge. If such is the purpose of the test it can be fulfilled with- 
out a velocity-distribution calculation. The mean velocity cal- 
culated from the mean of the velocity heads can be corrected with 
a pitot-tube coefficient smaller than the one used by the authors 
when the mean of the velocities is calculated. 

The writer suggests that (1) it be determined which method 
with a constant correcting factor gives the most accurate results 
and (2) to check if the pitot-tube coefficient of 0.97 found in the 
case of a measurement made in a bend is the correct one to use in 
straight pipe. 

The writer has found that a pitot-tube coefficient of 0.957 must 
be used if the mean of the velocity head is used. 

However, the writer has not been able to determine which 
method of computing is the best because he has been unable to 
check them by measuring the water volumetrically. 


D. W. Prozssteu.'7 The photoflow method is of interest to 
the writer not only because he is the originator of it, but because 
it is a strong plea for recognition of a sound method in hydrau- 
lies testing, that is, the recognition of the pitot tube as a means for 
measuring the flow of water through closed conduits. This method 
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16 **Vorlesungen iiber Wasserkraftmaschinen,” by R. Camerer, 
W. Engelmann, Leipzig, Germany, 1914, p. 64. 

17 Imperial Irrigation District, Imperial, Calif. 
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with its multiple pitot and piezometer tubes with readings taken 
by a camera eliminates personal error and practically all of the 
former objections to the use of the pitot tube. 

The experiments conducted by the authors with streamline 
flow and the effect of angularity upon the pitot-tube coefficients is 
very interesting. From the many tests which the writer has 
conducted using the photoflow method he has observed that the 
velocity of the water within the closed conduit increases very 
rapidly from the inner surface toward the center. At a very 
short distance from the inner surface the velocity of the water 
changes but slightly until the other side of the conduit is ap- 
proached where it drops rapidly. This would lead one to con- 
clude that the greatest effect of angularity of flow is nearest the 
surface where there is the least flow of water. The pitot tubes 
placed in the main portion of flow would operate at coefficients 
approaching unity. 

One of the outstanding features of interest in the tests on the 
Little Falls units was the unique arrangement of pitot and piezome- 
ter tubes. This arrangement was made to overcome the poor 
testing conditions due to conduit design. Had the conduit been 
straight and long the pitot tubes might have been placed on two 
diameters spaced 90 deg instead of on three diameters spaced at 
60 deg. 

The results obtained by the use of six piezometer tubes demon- 
strated that much care should be taken in placing them in the 
conduit. Placing them in pairs in horizontal positions is a safe 
arrangement. The writer has found, however, that with long 
straight conduits the readings of the piezometer tubes would be 
approximately the same whether four were used spaced 90 deg 
apart or three spaced at 120 deg. In the writer’s opinion, this 
would indicate that the centrifuga] action referred to in the paper 
is most noticeable in curved or irregularly shaped conduits. The 
change of velocity from the sides to the center in straight con- 
duits is uniform and causes little or no centrifugal effect, or rather, 
balanced centrifugal action. The paper, perhaps, should have 
read, centrifugal force produced by an irregular change of di- 
rection of the path of the water.” 

The consistency of the results shown by gate-opening curves in 
Fig. 9 of the paper and the close agreement of check readings 
shown in Table 3 of the paper would seem to demand a very favor- 
able recognition of the merits of the photoflow method. 


AutTHORsS’ CLOSURE 


The paper on the photoflow method of water measurement has 
resulted in so much discussion that this closure can touch only 
upon some of the fundamental questions involved. 

Current meters are outside of the scope of the paper and will 
not be considered in this closure, although a large part of some of 
the discussions pertained to them. 

One of the important features mentioned in nearly all of the 
discussions was the value of the pitot-tube coefficient for angular 
flow. F. H. Rogers shows the theory on which this coefficient is 
based and shows the remarkable manner in which actual test 
results confirm his theory. Dr. W. F. Durand approaches the 
subject from the viewpoint of fluid mechanics and agrees with 
Rogers’ theory, but also points out that the coefficient at angular 
flow can be materially affected by the size and shape of the pitot 
tube. 

This then answers F. Nagler’s question as to the discrepancy 
in the coefficient at 30 deg of pitot tube C of Fig. 1 of the paper 
as compared to those shown in Fig. 3. Mr. Nagler is in error 
when he states that these tubes are alike. Tube C of Fig. 1 is 
sharp edged, having no surface of revolution or flat plate on which 
the water may impinge. Therefore, as this tube is turned at an 
angle to the flow, the reaction is different from that for the tubes 
of Fig. 3, which do have surfaces of revolution. 
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Prof. W. 8. Pardoe, in his criticism of the use of a 12-in. di- 
ameter pipe for determining the pitot-tube coefficient at various 
angles to the flow, was apparently somewhat confused as to the 
effect of a reduced velocity 2 in. away from the center line of the 
pipe. Any reduction in velocity away from the center would have 
the effect of increasing the apparent pitot-tube coefficient instead 
of reducing it as he has stated. In fact this very consideration 
may be the reason for the higher coefficients he obtained while 
rotating a pitot tube in a still smaller-diameter pipe, namely, 7 in. 

The authors did not base their conclusions as to the pitot- 
tube coefficient at angular flow entirely on their test made in the 
12-in. diameter pipe but took into consideration a large number of 
tests, some of which, like those by F. H. Rogers in 1910, were 
made under ideal conditions. Another general subject of dis- 
cussion was the amount of angularity of flow that might be en- 
countered in conduits. While it is possible that the angle of 
flow in small-diameter pipes such as are found in city mains is 
limited to 6 deg as stated by E. S. Cole, there certainly is no 
evidence that this is true for the larger-diameter penstocks to be 
found at power plants. In fact, certain tests seem to indicate 
that greater angularity exists. Such excellent researches as those 
by Prof. C. M. Allen on the distribution of salt as it intermingles 
with the flow of water in a conduit, being a case in point. Since 
tests showing the exact angularity of flow have always been made 
on small-diameter pipes, it is entirely possible that the flow in 
the larger-diameter pipes may be entirely different and actually 
have larger angularity. 

We now arrive at the most important feature of the photoflow 
method, namely, the pitot-tube coefficient. Most of the pitot- 
tube calibrations have been made in small-diameter pipes and 
have indicated a coefficient close to unity. The authors have 
rated pitot tubes in pipes up to 12 in. in diameter and found 
the coefficient to be practically unity. However, there seems to 
be considerable evidence supporting a lower coefficient for the 
larger-diameter pipes encountered at power plants. It is quite 
possible that there is a difference in the character of flow of a 
small-diameter pipe as compared to a large pipe which would 
account for such a difference in the coefficient. 

F. Nagler questions the possibility of a pitot tube ever having 
a coefficient of 0.970 when its angular-flow coefficient does not 
fall below this value. S. L. Kerr’s paper mentioned by F. H. Rog- 
ers indicates that a design of pitot tube very similar to the de- 
signs shown in Fig. 3 of the paper had a coefficient of 0.934 in 
turbulent flow. This means that in turbulent flow the coefficient 
may be lower than any angular coefficient. This was also indi- 
cated by the test at Little Falls where the coefficient at a turbulent- 
flow section was found to be close to 0.97, whereas the minimum 
angular-flow coefficient of the pitot tube used was 0.971. 

L. J. Hooper mentions a calibration of a pitot tube in a 36 
16-in. venturi throat and in a 12-in. line. The flow conditions in 
the throat of a venturi meter can hardly be called disturbed flow, 
and if the flow in the 12-in. line did not have an angularity of 
more than 3 deg, the coefficients should have checked exactly. 
This is apparent from Fig. 1 of the paper which shows that the 
pitot-tube coefficient for an angularity of 3 deg is practically 
unity. 

On the other hand, the series of tests at the Tulane Hydraulic 
Laboratory as mentioned in the discussion by Prof. W. B. 
Gregory, show an average pitot-tube coefficient of 0.976 in a 
10-in. pipe. 

Taking into consideration the independent calibrations of the 
pitot tube made on larger-size pipes, as well as all the foregoing 
discussion, the authors still advocate a pitot-tube coefficient of 
0.976 for the larger-size pipes and penstocks used at power 
plants. That a large pipe may have a different coefficient from 
a small pipe is not at all unreasonable as is indicated by the 
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different coefficients necessary for the various sizes of venturi 
meters. 

The discussions brought out some interesting arguments as to 
the accuracy of the photoflow method. 

F. Nagler states that when a pitot tube is inserted in a cross 
section, the flow goes elsewhere. This is open to question since 
there is apparently very little reliable information on this point. 
L. J. Hooper also calls attention to the fact that a 1-in. pipe will 
affect the velocity 5 in. upstream. 

However, a reduction or diversion of velocity in front of the 
pitot tube can be accomplished only by an increase in pressure at 
that point, and the pitot tube will measure this pressure plus the 
remaining velocity head. In this respect it differs from a current 
meter which will measure only the actual velocity. 

J. D. Scoville takes exception to the accuracy of pressure 
measurements in disturbed flow. By measuring the pressure at 
the walls of the penstock with a long section of straight wall 
above and below the piezometers, such inaccuracies are eliminated. 
The measurement of pressures on a small surface injected into a 
large body of turbulent flow, however, is quite a problem and 
affects the accuracy of the type of pitot tube having self-contained 
pressure elements. Instruments of this type including the piez- 
ometer, are usually rated in comparatively small-diameter pipes 
under good flow conditions. As long as they are used in similar- 
size pipes, the results will be accurate, but when they are used 
either in the larger-diameter pipes or under disturbed flow 
conditions, considerable error may be introduced. This is es- 
pecially true of the pitometer which has a coefficient of less than 
0.90. 

E. S. Cole bases the accuracy of tests with the pitometer some- 
what on the ability to repeat tests. Repeated check tests, how- 
ever, do not necessarily mean accurate absolute results especially 
where a coefficient differing considerably from unity has to be 
used. 

J. D. Scoville questions the accuracy of the photoflow method 
because of the large discrepancy between some field test in which 
the photoflow method was used and model tests. This is hardly 
a fair criterion of the accuracy of any test method. The variations 
in discharge as shown in Fig. 4 of the discussion can just as readily 
be due to differences in runner castings and die forms as to a 
decrepancy in method of testing. We know of no other method 
of water measurement that has been discarded because in one 
isolated instance the discharge measurements of a turbine did not 
check the model-test results. Usually in such an event an investi- 
gation as to the runner step-up is made rather than blaming the 
methods of discharge measurement. 

H. Deglon resurrects the old Bernoulli-theorem argument as 
to whether the sum of the velocity head plus pressure head is 
constant across a conduit. If it is, then very few tests or experi- 
ments have been made where the correct pressure of flowing 
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water in a conduit has been determined. The pressure at the 
walls of the conduit where the velocity is low and where the piez- 
ometers are usually located, would then be quite different from 
the average pressure across the conduit. Without going into this 
question in detail, there certainly is sufficient experimental data 
available to show that the pressure across a conduit is constant 
except at elbows or bends where centrifugal force comes into play. 
Means for taking care of the latter condition have been considered 
in the original paper. 

The remaining points brought out in the discussion relate to the 
advantages of the photoflow method of measurement. 

One of the advantages claimed for the method is the short time 
required to obtain a complete reading. E. S. Cole states that the 
time of making pitometer traverses is misrepresented and claims 
20 minutes is sufficient for a ten-point traverse. This allows 1 
minute per reading per point and certainly does not cover the 
flow cycle. It is recognized by the majority of point-traverse 
advocates that in order to obtain accurate results, sufficient time 
must be allowed to read the pitot tubes and piezometers several 
times at each point; in fact, F. H. Rogers suggests five such 
readings. Under such conditions, an hour per traverse would be 
more according to the actual facts. 

Several examples were cited where the pitot traverse gave 
consistent results. The tests mentioned were probably all made 
in long straight penstocks where the changing distribution of 
flow was undoubtedly small, and a careful traverse under such 
conditions should give fairly consistent results. However, this 
does not alter the fact that there is always a time variation of 
velocity of flow as brought out in the discussion by Dr. W. F. 
Durand. L. F. Moody also calls attention to the fact that re- 
liable results with the traverse method can only be obtained at 
an expenditure of considerable time and labor and that a single 
reading of the tube at each point is not sufficient. The dis- 
advantages of extending the time on test are well summarized 
in the discussion by L. F. Moody. 

J. F. Roberts’ objection to the photoflow method because of the 
time of shutdown required seems to be rather far fetched. It 
should be realized that this method is advocated primarily for 
the large-size conduits found at power plants. Here a pitot-tube 
traverse is not the simple proposition of sticking a pipe into the 
penstock. Some sort of support for the pitot-tube pipe inside 
the penstock must be provided and will, therefore, require a 
shutdown. If the output of the plant is too valuable to permit 
a 6- to 8-hour interruption of one unit, there are always a number 
of approximate methods that can be used to determine the dis- 
charge. 

In conclusion the authors wish to express the thought that any 
section that is suitable for measurement by pitot-tube traverses 
is equally suitable for the photoflow method, with a greater degree 
of accuracy. 
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Pressure Losses in Rectangular Elbows 


By R. D. MADISON! anv J. R. PARKER,? BUFFALO, N. Y. 


The authors present data on pressure losses in rec- 
tangular elbows as affected by (@) the radius ratios of the 
elbows, (0) the aspect ratios of the elbows, (C) angle of the 
bend, (d) the elbow size, (€) velocity of flow, (/) splitters 
in the elbows; and (g) compound elbows. In general, 
data are given (1) for the elbow situated in a duct system 
with ducts preceding and following the elbow, and (2) 
the elbow at the end of a duct and discharging freely into 


the air. 


ROBABLY the earliest comprehensive tests for the deter- 
mination of the pressure loss in sheet-metal elbows were 
made on 12-in. square and 12-in. diameter elbows of 

varying radii by F. L. Busey.* More recently Loring Wirt‘ 
published results of tests which included the effect of reetangular- 
shaped elbows. Both experimenters seem to have overlooked 
the facet that surface friction varies with the size and shape of 
the elbow and in turn has a direct bearing upon the total pressure 
loss. With this thought in mind the authors present the results 
of tests on rectangular elbows in which the effects of the size and 
shape of the elbow and the surface friction are considered in the 
determination of the pressure losses. 


DEFINITION OF TERMS 


For the purpose of this paper, it will be convenient to refer 
to all elbows of the same size as having the same cross-sectional 
The velocity V through the elbow or duct will be the aver- 
age velocity, i.e., the quantity of flow divided by cross-sectional 


urea. 


area. 

The radius ratio as used in the paper is designated as RR and 
defined as the radius of the center line of the elbow divided by the 
depth in the plane of the bend, i.e., divided by the difference be- 
tween the outside and inside radii. In order to derive the most 
value from the data plotted, a new term will be used in addition 


to radius ratio. This term will be referred to as the curve ratio, 


designated as CR and defined as the inside radius of curvature 


' Research Engineer, Buffalo Forge Company. Mem. A.S.M.E. 
Mr. Madison was graduated from the Rose Polytechnic Institute in 
1913 with the degree of bachelor of science and in 1926 received the 
degree of mechanical engineer. He has been with the Buffalo Forge 
Company since 1919 during which time he edited the second and 
third editions of the handbook ‘Fan Engineering,’ published by 
that company. 

Engineer with Buffalo Pumps, Ine. Mr. Parker was graduated 
from Worcester Polytechnic Institute in 1930 with a B.S. degree 
in mechanical engineering (aeronautics). Upon graduation, he 
entered the engineering department of the Buffalo Forge Company. 
During this time, he was associated with the coauthor in the editing 
of the third edition of the handbook, ‘‘Fan Engineering."’ Since 1934 
Mr. Parker has been with Buffalo Pumps, Ine. 

“Loss of Pressure Due to Elbows in the Transmission of Air 
Through Pipes and Ducts,” by F. L. Busey, Trans. American Society 
of Heating and Ventilating Engineers, vol. 19, 1913, p. 366. 

*“New Data for the Design of Elbows in Duct Systems,”’ by L. 
Wirt, General Electric Review, vol. 30, June, 1927, p. 286. 

Contributed by the Aeronautic Division and presented at the 
Annual Meeting of THe AMERICAN Society OF MecHANICAL ENat- 
NEERS held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until June 10, 1936, for publication at a later date. Discussion re- 
ceived after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


divided by the outside radius of curvature. It is to be noted 
that in the use of the curve ratio instead of the radius ratio as a 
coordinate in plotting curves, (1) zero radius ratio is eliminated, 
(2) the curves are separated more effectively, and (3) curves can 
be drawn to include the complete range of radius-ratio values 
from 0.5 to infinity. Numerically, the following relations exist 
between the curve ratio and the radius ratio in this region 


RR 0.5 
RR + 0.5 


CR = at 
1— CR 

It will be observed that zero radius ratio referred to by Busey! 
does not belong to the same family of curves as those plotted 
using the curve ratio, the limiting condition being 0.5 radius 
ratio (zero curve ratio) where the inside corner of the elbow is a 
sharp edge and the outside radius is formed with this edge as a 
center. 

The aspect ratio AR is the width of elbow along the axis of 
bend divided by the depth in the plane of the bend. High aspect 
“easy” bends and low aspect 
ratios will characterize “hard”’ bends. 

The term “duet friction” will be referred to as the normal frie- 
tion of straight duets or that portion of an elbow loss which corre- 
sponds to duct friction. Similar to the losses in a duct, the 
losses in an elbow will consist of (1) eddy loss due to the internal 
friction of the fluid itself and (2) film frietion where the fluid is in 
close proximity to the surrounding walls. The eddy loss will 
vary substantially as the second power of the velocity while the 
film friction will vary as the first power of the velocity. Duct 
friction will, therefore, have both components and, in proportion 
to each, the combined loss will vary as a power, usually between 
1.75 and 1.85. ‘‘Shock loss,” in this conneetion, will be referred 
to as that loss over and above normal duet friction. All losses 
are measured as a percentage of the pressure corresponding to the 


ratios will therefore characterize 


mean velocity in the elbow. 


APPARATUS AND METHODS 

Preliminary tests were made on elbows with cross-sectional 
areas of 9, 36, and 144 sq in. by J. R. Parker? in his own labora- 
tory and were checked by the coauthor in the laboratory of the 
Buffalo Forge Company and extended to include other sizes of 
elbows. It was realized that a prohibitive amount of time would 
be involved in making the tests unless simple procedures were 
employed. This is especially true in conducting tests with large- 
sized elbows in whieh a 35-point traverse was made. In the 
early tests on small elbows the straight duct ahead of the elbow 
was traversed and a calibration arrived at for a pitot tube placed 
in the center of the duct 2'/, diameters ahead of the elbow. This 
was later checked by the use of a calibrated nozzle as shown in 
Fig. 1. For the large-sized elbows, a special pitot grid shown in 
Fig. 2 was constructed. This consisted of a framework carrying 
35 symmetrically placed total-pressure tips which were inter- 
connected. Upon the same framework there were 10. static- 
pressure tips also interconnected. The velocity pressure thus 
recorded by the difference was substantially the average pressure 
instead of the pressure corresponding to the average velocity. 
This difference, however, was from 1 to 3 per cent of the velocity 
pressure and was substantiated by and appeared in the calibra- 
tion with the standard traverse. Straighteners were used in all 
cases and sensitive, inclined, oil-filled manometers readable to 
0.001-in. water pressure were employed. 
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Va Nozzle Differential Pressure 


Static Pressure 


Pitot Traverse Station 


Straighteners 


Fic. 1 ARRANGEMENT OF APPARATUS FOR TESTING 3-, 6-, AND 12-IN. ELBows 


When air is discharged directly from an elbow, the velocity 
over the outer section is higher than normal and contains a 
double spiral component of motion. When the elbow is followed 
by a duct of 3 to 4 diameters in length, there is a partial regain 
in static pressure as the velocity is again lowered to normal and 


Fic. 2. Piror Grip Usep 1n TestinG LarGe ELBows 

the spiral movement subsides. The net effect, therefore, is for the 
elbow loss to be lower when the elbow is followed by a straight 
length of duct. The pressure loss was measured by testing the 
standard duct with a short length (equal to four diameters of 
duct) attached at the end. Then a test was made at the same air 
velocity in the duct by interposing the elbow between the stand- 
ard duct and the short length, as indicated in Fig. 1. The differ- 
ence in the two static-pressure readings taken at the same point 
ahead of the elbow, when divided by the velocity pressure, 
gives the elbow loss in percentage of the velocity pressure. This 
procedure gives the elbow loss “followed by a duct” but does not 
include the duct loss of the short length itself. Where the elbow 
loss “only” was desired, that is, the elbow discharging into free 
air, the short length of duct was omitted from both tests. For 
square ducts, an aspect ratio of unity, the elbow was rotated to 
each of the four possible positions and the readings averaged. 
With other aspect ratios, both of the possible positions were 
tested and the readings averaged. Theoretically, there should 
be no difference in the readings when the elbows are tested in the 
different positions; actually, there were small differences es- 
pecially when elbows of small radius ratios were not followed by a 
straight length of duct and also when larger-size elbows were 
attached to a main duct leading from a fan with the same outlet 
dimensions. 
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Fig. 3 


Errect or Rapivs Ratio 


The effect of radius ratio may be seen by referring to Fig. 3. 
This is the usual plot and consists of various tests for compari- 
son. Curve A is plotted from data obtained by Busey* on 12-in. 
* 12-in. elbows. Curve B is plotted from data obtained by O. F. 
Parker® on 12-in. X 12-in. elbows. Curve C is plotted from data 
obtained by J. R. Parker,? during tests of identical elbows such 
as shown in Fig. 4. Curve D is plotted from data obtained by 
Wirt‘ on 3-in. elbows. In order to present the data in a more 
valuable form the curves of Fig. 3 are redrawn in Fig. 5, using the 
curve ratios of the elbows as the abscissas instead of the radius 
ratios asin Fig. 3. Additional points £ and F from data obtained 
by Madison! on 12*/s-in. and 33-in. elbows, respectively, as well 

'“An Investigation of Pressure Losses in Air Duct Elbows,” by 


O. E. Parker, presented in 1934 as a thesis for the degree of B.S. in 
mechanical engineering, Northeastern University. 
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a3 point G from data obtained by Brown‘ on a 12-in. elbow have 
been added to Fig. 5. Reverse curve H in Fig. 5 shows the 
theoretical duct loss of a 12-in. X 12-in. elbow based upon a 
factor of one velocity-head loss in 55 diameters of straight duct, 
one diameter being equivalent to the side of a square duct. Note 
that in such a graph as Fig. 5, the extreme right abscissa which 
is unity represents an elbow of infinite radius and indicates that 


* “Friction of Air in Elbows,"’ by A. I. Brown, Power Plant Engi- 
neering, vol. 36, August 15, 1932, p. 630. 


the loss in a 90-deg elbow would be the same as in an infinite 
length of straight duct. The complete curve of elbow loss will, 
therefore, follow down along curve C as the radius ratio increases 
and then cross the space shown approximately by the dashed line 
and blend into the friction curve H. A value greater than 2 
for a radius ratio (0.6 curve ratio) is therefore of questionable 
merit. 

The similarity of curves A, B, and C in Fig. 5 probably indi- 
cates the true trend of the pressure loss. 
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Errect oF Aspect Ratio 


Elbows of various aspect ratios are shown in Fig. 6. The effect 


of aspect ratio for elbows of different radius ratios is shown in 
Fig. 7. The curves in Fig. 7 are also plotted on the basis of curve 


Fic. 6 Evsows or Various Aspect Ratios 


ratio to show the effect of duct friction in the region of high 
eurve ratios. It will be seen that there is a characteristic rise 
in the points in this region to meet the frietion curve. 

It is conceivable that if the friction curve D, Fig. 7, is sub- 
tracted from the total-pressure curve A there will result a curve 
which, to some extent, represents shock loss. By using this as a 
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that the loss is still a funetion of the radius ratio. However, it is 
readily seen that the two curves in Fig. 9, one for the higher radius 
ratios of 1 to 3, which are normally used, and another for the 
lower ratios, where the inside corner is substantially sharp, will 
closely approximate the data plotted in Fig. 8. It will be ob- 
served that the slope of curve A in Fig. 9 at an aspect ratio of 
unity is nearly horizontal and continues so through an aspect ratio 
of 3, approximately. Contrary to general opinion, there is little 
harm in using aspect ratios as low as 0.75. This tendency for the 
slope of curve A to reverse as it passes through unity has also been 
noted, and in even greater degree, in tests of large ducts. _ In test- 
ing 28-in. X 38-in. elbows with a radius ratio of unity, the loss 
was 5 per cent less for an elbow with a low aspect ratio (hard 
bend) than for an elbow with a high aspect ratio (easy bend). 
In applying such information to elbows using splitters, it dictates 
the position of the splitter or splitters in the elbow and indicates 
that the respective elbows formed by the splitters should have 
approximately the same radius ratio. This will be discussed later 
in the paper. 
EFFECT OF THE DEGREES TURN OF THE ELBOW 

It has been assumed generally that the pressure loss throug) 
an elbow is directly proportional to the angle through which 
the turn is made. This is approximately true for 45-deg and 
90-deg turns. If a large angle is used, there is a marked change 
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base curve and cross-plotting shock-loss differences with other 
aspect ratios, the values thus obtained can be united with their 
respective friction curves to obtain the most probable shape of 
the curves passing through actual test points. This procedure 
was used to obtain data in the zone of low radius ratios for aspect 
ratios other than unity. However, the resulting curves, Fig. 7, 
are not easily applicable from an engineering standpoint. The 
percentage curves shown in Fig. 8 have therefore been prepared, 
based on an aspect ratio of unity. It is clear from these curves 


in the proportionality as indicated by the curves in Fig. 10, This 
is not unreasonable in view of the fact that the air near the latter 
part of the turn has a flow materially different from that at the 
beginning of the elbow, which flow is assumed to be straight. 
During the first part of the flow in the elbow, a double spir! 
movement is formed which must be accelerated from zero. Later 
in the turn, the spiral movement has become more definitely es- 
tablished and requires less energy to maintain it. The curves in 
Fig. 10 show the effect of the degrees turn on the pressure loss 
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in (1) an elbow with free discharge, (2) elbows followed by ducts, 
and (3) elbows with a splitter. These curves are based on tests 
of 12%/sin. elbows having a radius ratio of 0.9 and an aspect 
ratio of unity. From the previously mentioned theory it would 
he expected that the curve become straighter, that is, the pro- 
portionality of the loss with the degrees of turn becomes more 
uniform as the curve ratio increases and the shock loss conse- 
quently diminishes. 

The curves in Fig. 10 are factor curves for degrees turn only. 
Thus the loss in a 180-deg elbow with a splitter is not just 
slightly less than such an elbow without a splitter, but rather 
is slightly less in proportion than the loss in the respective 90-deg 
elbow; in both eases the splitter materially reduced the elbow loss 
as explained later. 


EFFECT OF ELBOW S1zE 

Size has very little effect on the pressure loss in most elbows. 
This is due to the fact that the loss due to the size of the elbow 
is principally a shock loss and is not greatly affected by duct 
friction. However, where the radius ratio is large or the aspect 
ratio small there is a greater effect. The curves in Fig. 11 show 
the losses in 3-, 6-, and 12-in. elbows with an aspect ratio of unity 
and with varying curve ratios. The solid curves at the left 
(superposed upon each other below values of 0.4 curve ratio) 
are the actual elbow losses obtained by test, while the solid curves 
at the right are the respective losses due to duct friction only. 
The dashed lines give the approximate values necessary to blend 
these into continuous curves. The duct-friction curves are 
based on a coefficient of friction which is equivalent to one 
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velocity-head loss in 55 diameters of a 12-in. square duct and 
which varies inversely as the '!/; power of the size (linear). Some 
of the elbows tested to show the effect of size on the pressure loss 
are shown in Fig. 12. 

“FFECT OF VELOCITY 


The effect of velocity on pressure loss in elbows depends to some 
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extent upon the relative proportions of shock and duct-fric- 
tion losses. In no case is it a large factor for the velocities 
used in air-conditioning work. The range of velocity covered in 
the tests reported in this paper is from 1800 to 4000 fpm with 
the majority of the tests being conducted with velocities between 
1800 and 2400 fpm. The results of the tests are all plotted on 
the basis of 1800 fpm. 

In order to differentiate between possible variation of loss 
with kind of elbow, careful tests were run at velocities bet ween 
1800 and 3800 fpm on (1) a 3-in. X 12-in. elbow with a radius 
ratio of 0.5 (zero curve ratio) and an aspect ratio of 4, representing 
high shock loss, and (2) a 3-in. X 12-in. elbow with a radius ratio 
of 3 (0.71 curve ratio) and an aspect ratio of 0.25, representing 
high duct friction. The first elbow showed a pressure loss which 
varied as V!-%? while the second showed a loss which varied a- 
V-76. During tests on a 6-in. X 6-in. straight duct alone the loss 
varied as 


Fig. 12 


ELBows or VARIOUS SIZES 


The effect of uneven distribution of velocity across a duct pre- 
ceding an elbow has a marked bearing upon the elbow loss. Ii 
the velocity is high along the inside radius, or throat side, the loss 
will be higher than normal, and, conversely, if the velocity is high 
along the outside, or the side adjacent to the long radius, the lo-s 
will be lower. Moreover, if the elbow discharges directly into 
the air, the variation due to velocity distribution will be more 
pronounced than if the elbow be followed by a straight section 
of duct. This principle is of importance in the study of doulle 
elbows and helps to explain why 180-deg bends have less loss than 
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Fic. 13 


two W-deg elbows. — A further application of these data is in es- 
tumating the effect of an elbow placed directly on the outlet of 
afan. Usually the velocity of air leaving a fan is highest along 
the outside of the scroll. In such cases, if the throat side of the 
elbow is adjacent to the scroll, the loss will be high and may be 
twice the normal value. For side turns away from a fan outlet, 
the loss usually will be governed by the side of the outlet: where 
the higher velocity occurs. With single-inlet parallel-blade 
fans, the region in which the higher velocity occurs will generally 
he on the back-plate side of the fan. On the other hand, in 
conical-blade fans or fans with inlet guide vanes, the higher 
velocity may exist near the center or on the inlet side. 


Errect oF SpLirreRs ON Pressure Loss 

The use of splitters in elbows to reduce the total pressure loss 
is becoming more and more common, but there is very little 
engineering information upon the subject at the present time. 
Having shown (from curve A, Fig. 9) that there is very little 
change in the loss for the usual aspect ratios above unity, the prin- 
cipal benefit to be derived from the use of splitters is through an 
increase of the radius ratio. It would seem to be desirable to 
place the splitters in such a position as to obtain equal radius 
ratios for the smaller elbows formed by the splitters. This will 
not only simplify the calculation of loss but will also make for 
greater economy of material. 

The necessary calculations for locating splitters to obtain 
equal radius ratios can be made with the aid of a chart such as is 
shown in Fig. 13, which is reproduced from “Fan Engineering.””? 
The chart is laid out for calculating the position when one, two, 
or three splitters are used. No. 1 of 3, No. 2 of 3, ete., refer to 
the respective splitters starting from inside. To use the chart 
in Fig. 13, divide the pipe width (difference of radii) by the in- 
side radius. Locate this value as an abscissa on the chart, 
move upward to the desired splitter line (depending on the num- 


_’ “Fan Engineering,” by W. H. Carrier and R. D. Madison, Buffalo 
Forge Co., Buffalo, N. Y., 1933. 


CHART FOR DETERMINING THE LOCATION OF ELBOW SPLITTERS 


ber used) and then to the left of the chart where the ratios of the 
splitter radii to the inside radius may be found. These values, 
each multiplied by the inside radius of the original elbow will 
give the radii upon which to construct the splitters. Incidentally, 
it will be observed that the reciprocal of the first or lowest value 
is the curve ratio of the revised elbow. 

The use of curve ratio offers another method of procedure and 
simplifies the splitter loss caleulation. This may be shown by 
the following: 

Let rz = inside radius of an elbow, r; = radius of first (inside) 
splitter, r2 = radius of second splitter, r, = radius of zth (last) 
splitter, r, = outside radius of elbow, and z = number of splitters. 


Now CR = curve ratio of plain elbow = r,/r,. Let CR’ = 
curve ratio of each component elbow formed by splitters. Then 

but 
(CR’)? +) = X X v2/ts.... X = = CR 


CR’ =**!vyCR 

Therefore, it may be seen that the new curve ratio effected 
by the addition of a single splitter = ./CR; the curve ratio due 
to two splitters = CR; ete. Dividing the inside radius of an 
elbow with splitters by the curve ratio of the elbow gives the 
actual radius of the first or inside splitter. Dividing the radius 
of the first splitter by the curve ratio gives the radius of the 
second splitter, ete. The curve ratio determined in this manner 
can be used in conjunction with Fig. 11 for determining the ex- 
pected pressure loss in elbows fitted with splitters. Note that 
for each of the individual elbows formed by the splitters the curve 
ratio found by this method is the same as that found by the 
method employing Fig. 13. 

The following example is given to illustrate the method of 
computing the pressure loss in a 28in. X 38-in. elbow, with a 
radius ratio of 1 (curve ratio of 0.33) an aspect ratio of 1.36 and 
having one splitter. The elbow is considered to be preceded and 
followed by ducts. Since the inside radius of this elbow is 14 in. 
locate the point 28/14 = 2 as an abscissa of Fig. 13. Follow this 
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abscissa to the line marked “No. 1 of 1’ and read at the left the 
value of r/R = 1.72. Since R/r is the curve ratio for the revised 
elbow the reciprocal of 1.72, which is 0.58, will be the new curve 
ratio. The corresponding pressure loss for a curve ratio of 0.58 in 
a 12-in. elbow (the largest shown in Fig. 11) is 11.5 per cent of 
the velocity head. This is the same loss that was actually ob- 
tained by test on this size elbow. The actual loss on the original 
elbow (without splitter) was 22.3 per cent of the velocity head 
compared with a value of 21.5 as read from the curve in Fig. 11. 
The pressure loss can be found directly from the curve ratio and 
Fig. 11. As an illustration of this procedure take a 12%/s- 
in. X 125/s-in. elbow with a 5-in. throat radius and one splitter. 
The curve ratio of the original elbow is 5/(173/s) = 0.288 and 
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component elbows formed by the addition of splitters will have 
lowered aspect ratios and the corresponding loss factors may be 
appreciably less than that of the original elbow. As the benefit 
of lowered aspect-ratio factors will not be the same for the com- 
ponent elbows the average value may be used. This benefit is in 
addition to that due to increased curve ratio. Actually there is 
still another factor. This factor is the size of the elbow, and it 
will modify test results but in general it will be simpler to omit 
this factor, except for very large size variations. 


oF ELBOWS AT THE END OF Ducts 


Although elbows are used in duct systems generally for chang- 
ing the direction of flow, they are frequently used as outlet 
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Fig. 14. Pressure Losses in 90-DeG ELBows DiscHaRGING DirectLy INTO THE AIR 


from Fig. 11 the original loss should be 0.25 velocity head. An 
actual test on such an elbow gave a pressure loss of 0.26 velocity 
head. Using the previously given equation for determining the 
curve ratio of an elbow with one splitter, the curve ratio is 
1 0.288 = 0.536. The loss corresponding to this value as read 
from Fig. 11 is 0.12 velocity head. An actual test on such an el- 
blow gave a pressure loss of 0.10 velocity head. 

These illustrations indicate that a single splitter in an elbow 
will materially reduce the pressure loss if the value of the curve 
ratio is sufficiently small. Withacurve ratio greater than 0.5 (1'/2 
RR) there is little or nothing at all to be gained by the use of 
splitters. As an example of this, a 6-in. X 6-in. elbow with 
0.5 curve ratio was tested, first, with a single splitter and then, 
with three splitters. From the curve Fig. 11 there would be an 
expected loss of about 13.5 per cent of the velocity head for the 
elbow without splitters and about the same value, 13.5 per cent 
of the velocity head, with one splitter. The actual test with 
one splitter showed a loss of 12.4 per cent of the velocity head. 
In the ease of three splitters the new curve ratio = y/ 0.50 = 0.84 
which indicates a loss of 22 per cent for a 6-in. elbow. The actual 
test showed a 17 per cent loss indicating an upward sweep in the 
loss curve at this point. Where several splitters are used the 
increase in aspect ratio becomes a more important factor. In 
the previously given case this would reduce the loss to about 70 
or 80 per cent of the loss in a corresponding elbow with an aspect 
ratio of unity. In view of this fact the test value of 17 per cent 
is more rational (0.75 X 22 = 16.5). Where one or more splitters 
are placed in an elbow having an aspect ratio much less than 
unity, the curves of Figs. 8 or 9 should be applied. Thus, the 


openings with no ducts attached. Since the pressure loss. in 
elbows used for this latter purpose is materially higher than when 
the elbows are used in a duct system, information should be 
available on the pressure losses when the elbows discharge direct]! 
into the atmosphere. Tests were run on such elbows with a 36- 
sq in. cross-sectional area and the results plotted in Fig. 14 
Attention should be called to the fact that these elbows had 1-in. 
extensions on each end for connecting them to ducts and so there 
is a slight modification from a true 90-deg turn. This modifica- 
tion varies with the radius ratio and probably with the aspect 
ratio. When a 6-in. X 6-in. elbow with 0.5 RR had the 1-in 
extension on the discharge side removed, the pressure loss fell 
from 195 per cent to 172 per cent. This was due to reducing the 
effective angle of turn in the air flow although a complete 90-deg 
metal elbow remained. On the same size elbow but with a radius 
ratio of 1'/s no appreciable difference in loss resulted when the 
elbow was reduced to a standard 90-deg turn. 

Comparing the results of Figs. 14 and 7 it will be observed 
that for common elbows having radius ratios between 1 and 2 
and aspect ratios between !/. and 2, the elbow discharging directly 
into the air has a loss from 2!'/, to 3 times the same elbow when 
followed by a duct. The effect of using splitters is to lessen the 
regain value of the following duct and to lessen the difference in 
loss when the elbow is tested in the two different manners. 


krrect of CompouNp ELBOWS ON PRESSURE Loss 


The use of two elbows adjacent to one another often becomes 
necessary in duct work, and while the losses may be figured sepa- 
rately for each of the component parts of the compound elbow, 
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the combined loss as determined from tests may be considerably ; iDiameter [Spjitter in 
different from those obtained by calculation. Several of the Flain Elbows patwess Each Elbow 
simpler combinations were tested by the authors with the results act. Act. Est. Act. 
as shown in Figs. 15 and 16. {Sum jE st. |Est. 
In these figures the column labeled ‘‘estimated sum”’ is the sum 
of the test losses in the separate elbows, assuming that in each 
case the first elbow in the line of flow is always followed by a 
‘ . | 30. | 87. 
duct. In ease the second elbow discharges directly into the air, 104.2} 100. | 104. 154.9) 100. | 55. | 26 
the assumed value for the loss in the second elbow is from tests 
in which no discharge duct was used. In case the second elbow 
is followed by a duet the corresponding test value is used. This (2) 
method is the most logical one for combining the losses in com- 
93.7|100.|94 |106.|100.|106.| 22. | 30. | 73. 
lhe column labeled “per cent of estimate” is the ratio of the 
loss obtained by testing the compound elbow to the estimated loss 
as just outlined and serves as a means of showing the extent of 
the error in this method of determining the combined losses in (3) 
compound elbows, x] 
Any constraining shape of like dimensions following an elbow = 65.5]100.| 66. |75.1| 100.| 75. |27.4| 30. | 94 
tends to lower the loss below that of an elbow discharging freely we, 
First Second Elbows Elbows followed 
Elbow Elbow Only by Duct 
/eO 
RR Est Act Sum | Est. 
(1.) 43. | 52 | 83. | 20.| 75. 
4 1.5 | 4 37.2}48.5| 77. |276/21.5/i28 
= 
(5) 
(2.) 
62.2 | 52. |120. }68.3| 52. | 13). 18.8) 20. | 94 
Ls 4 3 4. 30. | | 26.4) 215}123 
(3) (6) Length 
15 4 105) 4 245.)202.)12). 115 | 65. 1135 =4D 
4).8|52. | [45.7| 52. | 88. 20. 102. 
(4) 
Fic. 16 Resvuits oF Tests on 12° 5-IN. X 125/s-IN. 


(5) 
\ L5 4 1S 10.251145.5| 48. | 95. |34.6| 
(6) 
1S jo25) 15 4. 55.1 €5.| 85. | 38.5) 38. | 10l. 
Fic. 15 Resuuts oF Tests on 3-IN. X 12-IN. Compounp 


ELBows 


into the air. Thus a second elbow helps to lower the loss of the 


first as compared with a free discharge of the first. The in- 
fluence of the first elbow may help or hinder that of the second 
elbow depending on the conditions of flow produced at the dis- 
charge of the first. Note that in Fig. 15, the elbow loss for case 3 
does not differ greatly from the loss for case 4 when the elbows 
are inserted in a duct, being 115 and 103 per cent, respectively; 
but that the losses are vastly different when the second elbow 
discharges directly into the air, the losses in this latter instance 


for cases 3 and 4 being 245 and 162 per cent, respectively. It is 
interesting to note that in the case of elbows forming a side 
turn and having an aspect ratio near unity, as in case 3 of Fig. 16, 
the combined loss of 65.5 per cent is lower than that of each tested 
alone (73.5 per cent) when not followed by ducts. Such a condi- 
tion was noted during tests on a large compound elbow (28 in. X 
38 in.) with aspect ratios of 0.74 and 1.36, in which the second 
elbow made a side turn and discharged directly into the air. 
In this case, despite the arrangement, the combined loss was be- 
tween 8 and 10 per cent lower than the loss due to either elbow 
tested separately and not followed by ducts. 

The values in columns 4, 5, and 6 of Fig. 16 are given to show 
the influence of one diameter of duct placed between the elbows. 
Note that in cases 1 and 4 the duct caused a decrease in the 
pressure loss while in the remaining cases it increased the pres- 
sure loss, thus hindering the flow. 

The benefit of splitters in elbows and especially those discharg- 
ing freely into the air is evidenced from a study of columns 
7, 8, and 9 of Fig. 16, wherein it is seen that the splitters mate- 
rially reduce the pressure loss. 


VARIATIONS IN TESTS 


The authors wish to emphasize the fact that there are many 
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reasons why experimental results obtained by different investiga- 
tors often differ considerably. Usually the tests by the various 
investigators are not made upon the same bases because the condi- 
tions of the variables in the individual tests vary with different 
types and arrangements of equipment and apparatus. In making 
tests of the nature described in this paper, attention should be 
paid to the uniformity of flow, fits, sizes, workmanship of the 
ducts, and other items of this nature which will undoubtedly 
affect the test data. In Busey’s’ tests no mention was made of 
velocity. In Wirt’s‘ tests, the elbows immediately followed a 
nozzle, presumably giving the air flow a plane wave front at the 
entrance to the elbow. In the tests reported in this paper, the 
center velocity was higher than the average, as is customary after 
the air flows through a long duct. 

The 12-in. elbows used by O. E. Parker® were the identical 
elbows tested by J. R. Parker.2. The former used orifice co- 
efficients and the latter used the pitot traverse. This was no 
doubt a contributing factor in the variation of the reported tests 
(curves B and C, Fig. 5). The importance of throat conditions 
on elbow loss and their influence on test results was emphasized 
during tests of a 3-in. elbow with a curve ratio of zero and aspect 
ratio of unity. The authors noted that the gage of the metal 
used in its construction was slightly heavier than that used for a 
6-in. elbow of the same type. Although the inner radius was 
supposed to be zero there actually was a small radius occasioned 
by the thickness of metal and the use of a commercial brake. 
In this case the radius on the 3-in. elbow was slightly greater than 
that of the 6-in. elbow. Upon filling-in the corner of the 3-in. 
elbow with solder to obtain correct proportionality and retesting, 
the value of the velocity-pressure loss rose from 92 to 105 per cent. 


SuMMARY 


1 Curve ratio (or likewise radius ratio,) is the predominating 
influence on pressure loss in elbows. The loss is high and critical 
for low curve ratios and low and stable for high curve ratios. 
Little or no advantage is gained by using curve ratios greater than 
0.6 (radius ratio of 2). 

2 The effect of aspect ratios greater than unity is small and 
may be neglected for ordinary work. For low aspect ratios the 
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loss is more pronounced and aspect ratios less than '/; warrant the 
use of a splitter in the elbow. 

3 The amount of the loss is not exactly proportional to the 
angle of the bend, but becomes somewhat less in proportion as the 
angle increases. 

4 The size of the elbow has relatively little effect upon pres- 
sure loss in elbows in common use. In elbows with large curve 
ratios the pressure losses approach the values for straight ducts. 

5 Velocity has very little effect on elbow losses when given in 
per cent of velocity pressure, the losses being comparable to 
those due to friction in a straight duct. Where the curve ratio 
of the elbow is very small, approaching sharp-corner conditions, 
the loss will vary nearly as the square of the velocity. 

6 If the air flow is not uniform in a duct just preceding an 
elbow, the loss will be somewhat higher than normal if the high 
velocity is along the inside of the elbow and will be somewhat 
lower than normal if the high velocity is along the outside of the 
elbow. 

7 The flow conditions along the inside of the elbow are more 
critical than elsewhere, and if the elbow and duct do not align 
properly, a disturbance at the inner side is more detrimental than 
elsewhere. 

8 Where elbows of small curve ratios must be used, a splitter 
is a very effective means of lessening the pressure loss. For 
elbows with curve ratios of 0.2 to 0.3 the use of a single splitter 
will reduce the loss to about one half the normal value. 

9 Elbows discharging directly into the atmosphere may have 
high losses which can be effectively reduced by splitters or by 
attaching a short section of straight duct to the discharge end of 
the elbow. 

10 Compound elbows may have losses considerably different 
from those estimated from tests of the individual elbows used to 
make up the compound elbow. 
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The Direct Firing of Pulverized 
Anthracite Silt 


By MARTIN FRISCH,! 


The purpose of this paper is to describe a recent de- 
velopment in the art of burning pulverized fuels. It 
is now commercially practicable for the first time to sub- 
stitute for the bin-and-feeder, or storage, system a simpler 
and less costly direct-firing, or unit, system for burning 
pulverized anthracite culms and silts heretofore con- 
sidered unsuitable and unmarketable as fuels. 


smaller than No. 4 buckwheat, silt is being dumped at 

the rate of nine to ten million tons per year. There is, 
it is true, a somewhat fickle demand for silt or river coal; but 
it is for less than a seventh of the annual production. Several 
power stations have burned culm, and others still burn it in 
pulverized form, utilizing the storage system including the usual 
drying, pulverizing, and transporting systems for preparing and 
distributing the fuel, and the bin-and-feeder system for firing 
it. Some silt is also being burned on foreed-draft traveling 
grates as well as chain-grate stokers, but in limited quantities 
and generally only after mixing with No. 3 and less often with 
No. 4 buckwheat. Efforts to burn anthracite which is all smaller 
than No. 3 on stokers has resulted in much trouble with excessive 
siftings, and excessive carry over of unburned coal from the fuel 
bed into the boiler and beyond. Excessive carry over of the 
fuel beyond the boiler often results in objectionable stack dis- 
charge and deposits of partially burned and coked particles in 
the vicinity of the plant, causing annoyance to the public. 
Furthermore, stoker-fired plants burning anthracite have not 
proved themselves sufficiently flexible and quick for following 
rapidly fluctuating loads. Owners of plants so situated as to 
profit by the low price of anthracite silt as compared to, say, 
No. 3 buckwheat and other fuels have been timid abbut investing 
in the comparatively complicated bin-and-feeder system which, 
until very recently, was the only proved system for firing pul- 
verized anthracite. Furthermore, the failure of a number of 
attempted unit or direct-firing applications has discouraged 
sustained development and pioneering in this direction. 

So it is not surprising that most steam plants thus far installed 
to burn anthracite have been fired by traveling- or chain-grate 
stokers mostly limited to the use of No. 3 or mixtures of No. 3 
and No. 4 buckwheat rather than the cheaper fines now con- 
sidered mine wastes. 


WOR want of all but a very thin demand for anthracite 
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Corporation. Mem. A.S.M.E. Mr. Frisch received the degree of 
B.S. in mechanical engineering from the University of Illinois in 1921. 
For a year he served as instructor of mechanics and strength of ma- 
terials at the University of Wisconsin. From 1922 to 1929 he was 
connected with the Combustion Engineering Corporation succes- 
sively as a member of the research department, in charge of service, 
and manager of field engineering. 

Contributed by the Fuels Division and presented before the 
Anthracite-Lehigh Valley Section of Tue AMERICAN Society or 
MECHANICAL ENGINEERS, Tamaqua, Pa., July 19, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Discus- 
sion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
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NEW YORK, N. Y. 


A new, reliable, and simple method of pulverizing and direct 
firing anthracite silt is now available. This method requires 
no predrying of the feed. Consequently, the expensive and bulky 
drying plant previously considered as absolutely essential for a 
pulverized-anthracite plant is no longer required. 

A plant employing the new method for the direct firing of 
anthracite silt has now been in successful operation for a sufh- 
ciently Jong period to demonstrate that silt containing as much 
as 15 per cent moisture and as little as 2!/2 per cent volatile can 
be direct-fired alone, unmixed with any other fuel, and without 
pilot burners or other means for supporting ignition once the fuel 
has been ignited. Ignition is easily accomplished by employing 
the usual lighting torches generally employed for lighting off 
bituminous coal. When the plant was first designed it was ex- 
pected that bituminous coal would have to be used to start up 
and for this reason an additional feeder was installed for the 
purpose. However, it was found possible to light off and start 
up with anthracite culm, and the bituminous-coal feeder is only 
used when burning bituminous coal alone. Rapidly and widely 
fluctuating loads can be followed with ease. This was an essen- 
tial requirement in the particular installation under discussion 
because it serves a paper mill. 

The system shown in Fig. 1 is as simple as any method for the 
direct firing of bituminous coal. It consists of a pulverizer, a 
feeder for supplying wet culm or silt to the pulverizer and a fan 
for drawing hot air through the pulverizer. This air dries the 
coal as it is being pulverized, entrains the pulverized coal and 
delivers it to anthracite burners. Superficially in these major 
essentials the system does not differ from other direct-firing 
systems which have been tried without success for the direct 
firing of anthracite. In its details, however, and in the funda- 
mental principles governing the design of the burners, the new 
method reproduces, without using bins and feeders, those precise 
ignition-control elements of the bin-and-feeder system which 
made the burning of anthracite by that system possible. 

In the bin-and-feeder system shown in Figs. 2 and 3 the pul- 
verizing apparatus is independent of the firing and burning 
equipment. As shown in Fig. 2 a feeder supplies fuel to a pul- 
verizer. A fan blows air through the pulverizer from which it 
carries the pulverized coal into a cyclone separator where the 
coal is separated from the air. An extractor, or air lock, with- 
draws the coal from the cyclone and delivers it to a transporting 
or conveying system. This in turn delivers the coal to pul- 
verized-coal storage bins near the boilers, as in Fig. 3 which 
may or may not be in a separate building. 

As shown by Fig. 3 pulverized-coal feeders, which are precise 
coal and air measuring and mixing devices, abstract the coal from 
the pulverized-coal bins and after mixing it with the correct 
amount of primary air for most rapid ignition, deliver the mixture 
to the burners. 

For any given pulverized coal the ratio of primary air to coal 
has a great influence on the velocity of flame propagation through 
a suspension of that coal in air. It is well known that as the 
primary air-coal ratio increases, the velocity of flame propagation 
increases up to a maximum and then drops off with further 
increases in the primary air-coal ratio. With any given primary 


air-coal ratio the velocity of flame propagation increases with 
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SysTeEM FOR THE Direct FIRING OF PULVERIZED ANTHRACITE 


(The simplicity of this arrangement as compared with Figs. 2 and 3 is striking, especially as regards the reduction in amount of equipment required. ) 


increasing temperature, fineness, volatile content, and decreasing 
ash and moisture content. Speeds of flame propagation are 
maxima for bituminous coal in air suspensions with primary 
air-coal ratios of between 3 and 5. For pulverized-anthracite 
suspensions, because of their low volatile and high ash content, 
the corresponding maxima (which are from '/;) to '/s of those 
attained in bituminous suspensions) occur with primary air- 
coal ratios of 0.5 to 0.8. 

In the bin-and-feeder system the primary air-coal ratio 
could always be readily controlled and for this reason there was 
no difficulty in adapting the system to burn pulverized anthracite. 
But in the unit, or direct-firing, system the ratio of air to coal 
which is required for best pulverization is generally from 1.5 to 3. 
This can readily be increased for best results with bituminous 
coal by the addition of more air between the pulverizer and burner. 
But, for anthracite such ratios are from two to six times too 
great, and for success in the direct firing of pulverized anthracite, 
for other than steady load operation, it is necessary to remove 
air from the primary air-coal mixture leaving the pulverizer. 
The new method for the direct firing of pulverized anthracite, 
unlike previous methods, meets this requirement and it is for 
this reason, primarily, that it works. 

Fig. 1 shows the arrangement of the system for the direct 
firing and burning of pulverized anthracite culm or silt in a New 
Jersey paper mill. Figs. 4, 5, and 6 show the equipment in detail 
as installed. The anthracite burner arrangement deserves 
special attention. It is designed to remove any required pro- 
portion, usually about two thirds, of the air in the coal-air sus- 


pension delivered to each burner, and to divert and deliver this 
separated, relatively clean air to the lower part of the furnace 
where it joins and mixes with the secondary air admitted through 
ports in the lower half of the front wall. The coal as fired through 
these burners, therefore, is suspended in a mixture containing, 
as in the bin-and-feeder system, the amount of primary air re- 
quired to maintain stable ignition. This is about one third of 
the air which brings the coal to the burners from the mill. 

The amount of air diverted from the burner can be controlled 
from zero to almost 100 per cent of the air delivered to the burner. 
Consequently, bituminous coals which require high primary 
air-coal ratios may be, and have been, fired through these burners 
with equal ease. The burners, as may be seen, are extremely 
simple. 


OPERATING RESULTS 


While no elaborate tests have been made as yet, plant records 
indicate that savings of fifty to eighty dollars per day are realized 
when firing anthracite silt. Silts from various sources varying 
in volatile content between 2.5 and 6.5 per cent, in moisture 
content between 10 and 16.5 per cent, and in ash content between 
12 and 20 per cent on the ‘‘as-pulverized basis’? have been pul- 
verized, as received, without predrying and burned with equal 
success. Rapid load swings of 1 to 3 are being followed when- 
ever required and as fast as required. 

The culm or silt is fed to the mill as delivered into the plant 
without predrying. It is dried while being pulverized by passing 
preheated air at a temperature of 350 to 400 F through the mill. 
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As shown by Fig. 7, preheated air is admitted to one end of 
the mill, which is of the countercurrent, tricone, ball type de- 
veloped from the Hardinge. Coal fed into the other end is 
continuously projected, with the balls, through the hot air which 
passes through the mill in countercurrent relation to the di- 
rection of the coal through the ball charge. Therefore, the coal 
and balls are rapidly heated and the moisture driven out of the 
coal. The coal undergoing pulverization presents a tremendous 
surface to the air. Furthermore, innumerable contacts between 
the coal particles and the continuously heated balls result in 
extremely rapid heating and evaporation of the water in the 
coal. A further important factor affecting the ability of the 
mill to handle very wet coal is the practice, peculiar to this 
system, of mixing the cool or cold wet feed with hot and dry 
oversize, rejected in the classifier, before the feed enters the 


Fic. 2) Typrcan ARRANGEMENT OF PULVERIZED-FUEL PREPARATION 
EQUIPMENT FOR A BIN-AND-FEEDER, OR STORAGE, SYSTEM 


The pulverized coal is delivered to bunkers near the boilers and fired, as 
shown in Fig. 3.) 


grinding zone. This causes each lump and particle of wet feed 
to become dusted over with hot dry oversize so that no free water 
comes in contact with the grinding elements. Therefore the 
tendency of moisture to reduce the output is minimized to : 
negligible value. The pulverized culm leaves the mill with about 
one per cent moisture, irrespective of the initial moisture content 
of the feed. 

The classifier controls the fineness of the product as delivered 
tothe burners. The fineness is of the order of 90 to 95 per cent 
through a 200-mesh screen. While this is higher than necessary, 
80 to 85 per cent being sufficient, it is being produced at a very 
reasonable expenditure for power, because the classifier by pro- 
viding a large circulating load of partially finished material 
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through the grinding zone greatly increases the efficiency of the 
pulverizing system as a whole. This is a well-known advantage 
of closed-circuit grinding. 

The po ver consumed per ton for pulverizing and firing at the 
normal required capacity of the pulverizing system is about 33 
to 35 kwhr per ton. 


WH 


if 


Typicat BIN-AND-FEEDER, OR STORAGE, SYSTEM OF 
PULVERIZED-COAL FIRING 


Fia. 3 


The present rate of ball consumption is about 0.5 to 0.6 lb 
per ton, representing a cost of about 2 cents per ton. This 
represents the major cost of maintenance which is not expected 
to exceed 2'/, to 3 cents per ton at the most, over the life of the 
system. 

The total pulverizing cost exclusive of fixed charges appears 
to be less than 20 cents per ton pulverized on the basis of the 
actual power and labor costs at the plant. 

The stack appearance is good and the carbon loss less than 
expected. 

The ability of the system to follow fluctuating loads rapidly 
is due to (1) the ignition stability of the burners, and (2) the 
pulverizer control method. 

The burner ignition is stable over a wide load range because 
of the fineness of the coal and because the primary air-coal ratio 
is precisely controllable. 

The pulverizing system can follow load swings because the 
output is controlled, not by varying the rate of feed to the pul- 
verizer as in other systems but by varying the air flow through 
the pulverizer. 

Whereas, changes in the feed rate take many minutes to refleet 
themselves in changes in output, changes in the air flow result 
in instantaneous changes in the output. The feeder, like the 
feedwater regulator of a boiler, has only one function—the specific 
function of maintaining a constant level or supply of pulverized 
coal within the pulverizer. This it does automatically by pro- 
visions illustrated by Fig. 8 as follows: 


ted Cost Bin | | 
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Fie. 4 ARRANGEMENT OF NozzLeEs BLOWING AIR VENTED FROM THE 
ANTHRACITE BURNERS INTO THE FURNACES BELOW THE BURNERS 


Fie. 5 ANTHRACITE-CoAL PULVERIZER W1TH SouND-PRooF HovusiInG 
AND CLASSIFIER FOR UNIT-FIRING SysTEM 


The level-controlling system includes two pipes which extend 
through the hollow trunnion into the mill. One pipe, a reference 
tube, extends into the upper portion of the mill considerably 
above the maximum desired coal level. The other pipe is bent 
downward so that the end of the pipe is at the desired coal level. 
Outside of the mill, pipes are either open to atmosphere or con- 
nected to a source of air pressure above atmospheric, such as the 
forced-draft fan duct, through orifices to permit a small amount 
of air to be drawn through each pipe by the mill suction. Both 
pipes are connected to a controller which contains a mercury- 
sealed and floated bell. When the lower pipe is not sub- 
merged in the fuel, the air pressure in each pipe, and above and 
below the bell, is equal regardless of pressure changes within 
the mill or at the pipes outside, and the bell rests at its lowest 
position. 

When the coal level rises above the end of the lower pipe it 
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partially seals the opening and the air entering the pipe through 
the orifice causes the pressure within the pipe, and likewise the 
pressure under the bell of the controller, to increase. The pressure 
of the air within the upper pipe and over the bell is not changed 
since air ean freely flow through the unobstructed upper pipe 
into the mill. The consequent pressure difference, which can 


Fic.6 Coa. FREDERS AND EXHAUSTER OF DireEcT-FIRED, 


PULVERIZED ANTHRACITE-COAL PLANT 
(At the right is the anthracite-culm feeder and at the left is the feeder fo: 


bituminous coal. The exhauster, at the center, is equipped with capacity 
controller and solenoid-operated safety damper.) 


Fie. 7 Tricone Batt Mitt (HAaRDINGE ARRANGED FOR 
Unit System or Firtnc With EXHAUSTER AND FEEDER ON FLOOR 
ABOVE MILL 


(The mill and classifier are shown in section to illustrate method of operation 

and the approximate distribution of the material and bail charge within 

the mill. In this illustration the mill is shown turning with the top moving 

toward the reader. Thus the charge of fuel and balls is carried up the far 

side of the mill whence it coment _— the bottom, with pulverizing 
effect. 
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be measured by a U-tube placed between the two pipes, causes 
the bell to rise and trip two mercoid switches; one stops the 
feeder, the other controls a signal lamp. 

When the mill has discharged enough fuel to cause the coal 
level to fall below the end of the lower pipe, the air pressure 
within both pipes and on each side of the controller bell again 
becomes equalized, and the controller starts the feeder. The 
feeder is generally set to feed slightly in eycess of the mill 
discharge rate. The level controller will then maintain a con- 
stant coal level within the mill automatically by interrupting 
the feed as the level tends to build up and again starting the 
feeder as the level tends to fall. 


EcoNoMIcs OF ANTHRACITE BURNING 


A complete boiler plant to develop a given capacity with 
pulverized river anthracite or silt wil) cost about 12 to 15 per cent 
more than a plant to burn those eastern bituminous coals with 
which silt or river anthracite would have to compete. The 
difference in cost is due entirely to the greater pulverizing and 
firing capacity required by the anthracite because of its lower 


Fic. 8 D1aGRraM OF CONTROLLER FOR Batt-Tyre PULVERIZER. 
Tue Various Parts May Be IDENTIFIED As FoLLows: 


Reference pipe inside of mill. 

Lower pipe placed at desired charge level. 

Minimum charge level. 

Maximum charge level. 

Pulverizer shell. 

Shutoff valve. 

Air filters. 

Electric circuit to feed mechanism. 

Electric circuit to signal lamp. 

Control switch mechanism. 

Orifices. 

12. Air manifold to forced-draft duct or other source of air pressure. 
13 Air-pressure control valves opening manifold to atmosphere. 
14 Pipe to source of air pressure. 

15 U-tube differential gage. 


grindability and heat content, and because of the greater fine- 
ness to which it must be pulverized. Then, too, the efficiency, 
all other things being equal, will be about 3 per cent lower when 
burning pulverized anthracite. On the other hand, the pul- 
verized-anthracite plant will be from 5 to 8 per cent more efficient 
than the stoker plant, even though the pulverized-anthracite 
plant burns smaller and Jower-grade fuel than would be con- 
sidered permissible for the stoker plant. 

Fig. 9 shows the approximate present-day cost of various 
pulverized-coal firing equipments for bituminous coal and culm, 
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and for stoker equipment for the burning of No. 3 and No. 4 
buckwheat, installed. 

The effect of variations in the prices of the fuels on the cost 
of steam is shown by Figs. 10, 11, 12, and 13. 


50,000 
Pulverizing and Firin 
% Equipt for Anthr. Culm 
O 
40,000 
3° 
| 
30,000}—— 
Pulverizing and 
D Firing Equipt. 
20,000 
ou | 
~ Stoker Equipft. 
2° for Nos. 3 and 4 
Buckwheat 
one 
x 10,000b-<— 
a 
a. 
< 
10) 
-50 100 150 200 250 300 
Capacity of Boiler — 1000 Lb per Hr 
Fic. 9 APPROXIMATE PRESENT-Day Cost oF EQUIPMENT FOR 


Frrina BorLers or Various Capacities WITH ANTHRACITE ON 
STOKERS, PULVERIZED BITUMINOUS, AND PULVERIZED ANTHRACITE 
CuLM 


The final conclusions as to the relative economy of the three 
firing methods compared would not be materially affected by 
errors in the assumptions as to those of the items about which 
there might be some difference of opinion, as for example cost 
of maintenance. Variations in the relative heat values of the 
fuels compared or in the overall efficiencies assumed will, of 
course, influence the comparative savings, but the values assumed 
for this discussion are so close to what may be reasonably ex- 
pected that the conclusions of this paper will not be materially 
changed. 

Table 1 is a comparative analysis of the performance to be 
expected from identical boilers of various capacities equipped 
to fire, respectively, pulverized bituminous coal, pulverized 
anthracite culm, and mixtures of No. 3 and No. 4 buckwheat on 
stokers. The cost of making steam as affected by the firing 
system with each firing method has been calculated, for pur- 
poses of comparison, on the basis of the following justifiable 
assumptions: 

(1) Load factor is taken as 60 per cent. 

(2) Cost of boiler, furnace, and other equipment for a given 
capacity, exclusive of firing equipment, is approximately the 
same for each firing system. 

(3) Maximum capacity that can be developed with a single 
anthracite stoker is approximately 200,000 Ib per hr. With 
pulverized-fuel firing equipment there is no limit to the size. 

(4) Cost of firing systems is as in Fig. 9. 

(5) Fixed charges on the cost of firing equipment are 15 
per cent. 

(6) Cost of power is one cent per kwhr. 

(7) Cost of maintenance for labor and material is taken as 
four cents per ton of fuel fired for the pulverized anthracite- 
culm system, two cents per ton for the pulverized-bituminous 
system (assuming ball mills are used), and one cent per ton 
for the stoker system. The stoker system is also charged with 
ten cents per ton for furnace-arch maintenance, in addition to 


: 
= 
* 
~ 
P&S 
\ 
| 
\ 
| 
| @ 
4 H | D | 
Y (5) Y (3) 
: 
<a 
‘ 


182 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
100,000 T prices would be between $2.50 and $3, bituminous coals cannot 
c 
a 2. be purchased generally for less than about $4.50 per ton de- 
Price of livered. Therefore pulverized-culm plant can be installed 
2 80,000 =. Culm $3.00 300 + and can generally be paid for by the savings in less than a vear’s 
+2 88 7 los0 4 Figs. 12 and 13 show how the yearly savings, possible with 
60.000 / Af 8 pulverized-anthracite- or silt-fired boilers as compared with 
oa f & fi ff 2 identical boilers stoker-fired with No. 3 and No. 4 buckwheat, 
Price of /¥§ 
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Price of Bit. Coal — Dollars per Ton + j 150 © 
Fic. 10) EFrrect oF COMPARATIVE FUEL Costs AND STEAM- $ 40,000 7 
GENERATOR SIZE ON YEARLY SAVINGS 1 \ 
To be expected with plant designed to burn pulverized anthracite culm © / / ‘. 
instead of pulverized bituminous coal.) 7 f / © 
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Fic. 11 Errect oF COMPARATIVE FUEL Costs AND STEAM-GENERA- re) 
TOR S1zE ON YEARLY RETURN ON ADDITIONAL CosT OF ANTHRACITE 2.50 3.00 3.50 4.00 4.50 
PULVERIZING AND FIRING EQUIPMENT Price of Stoker Fuel — Dollars per Ton 
(To be expected with plant designed to burn pulverized anthracite culm 
of pulverized bituminous coal.) Fic. 12) Errecr oF COMPARATIVE FUEL Costs AND STEAM-GENERA- 


the usual furnace maintenance which is taken as equal for all 
three firing systems. Cost of operating labor is not included 
as this may be assumed as equal for the three systems. 

(8) Cost of fuel is taken as $2.50 per net ton of anthracite 
culm, $4.50 per net ton of bituminous coal, and $3.50 per net ton 
of stoker fuel consisting of 75 per cent No. 3 buckwheat and 
25 per cent No. 4 buckwheat, delivered in bunkers. 

As may be seen from Table 2 the most important item is the 
fuel cost. Other items such as fixed charges, power, and main- 
tenance costs affect the final total cost but little. 

Figs. 10 and 11 show how the yearly savings possible with 
pulverized-anthracite-culm- or silt-fired boilers, as compared 
with identical boilers equipped to burn only pulverized bitumi- 
nous coals, vary with variations in the designed capacity of the 
boilers and with variations in the prices of the fuels compared. 

Fig. 10 shows the estimated money savings, while Fig. 11 
shows the yearly return on the additional cost of the pulverized- 
culm firing equipment. 

From Figs. 10 and 11 it may be seen that with $2.50 culm 
savings may be expected if the corresponding cost of bituminous 
coal exceeds. $3.35, and with $3 culm if the cost of bituminous 
coal exceeds $4. 

In those localities in the East where delivered culm or silt 


TOR SIZE ON YEARLY SAVINGS 


To be expected with plant designed to burn pulverized anthracite culm 
instead of sized anthracite, Nos. 3 and 4 buckwheat mixtures, on stokers 
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Fig. 13. Errect or CoMPARATIVE FUEL Costs AND STEAM-GENERA- 
TOR SIZE ON YEARLY RETURN ON ADDITIONAL Cost OF ANTHRACITE 
PULVERIZING AND FIRING EQUIPMENT 


(To be expected with plant designed to burn pulverized anthracite culm 
instead of sized anthracite, Nos. 3 and 4 buckwheat mixtures, on stokers. ! 
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TABLE 1 
Capacity per boiler, lb per hour 100,000 
Fuel Bitum Anthracite Bitum -- Anthracite Rises. Anthracite— 

Silt Nos. 3 &4 Silt Nos. 3 & 4 silt Nos. 3 & 4 

buck buck. buck. 
Firing method Umit pulv. Unit pulv. Stoke: Umit pulv. Unit pulv Stoker Unit pulv. Unit pulv. Stoker 
Btu per lb coal, as received 13,500 11,500 2,600 13,500 11,500 12,600 13,500 11,500 12,600 
Efficiency of boiler unit, per cent SO 77 70 80 77 70 80 77 70 
Fuel burned hourly, tons 2.5 3.05 ee 0 6.1 6.3 10 0 12.15 12.7 
Fuel burned yearly (60 per cent load factor), tons = 15,130 16,000 16,650 6,250 32,000 33,000 52,500 64,000 66,600 
Steam produced per year, million lb 262.5 262.5 262.5 525 525 525 1050 1050 1050 
Cost of firing equipment® installed, dollars 11,000 16,000 9,000 16,000 22,600 14,000 25,000 35,300 25,000 
Annual firing costs, dollars . 

Fixed charges on firing equip. at 15 per cent 1,650 2,400 1,350 2,409 3,490 2,100 3,750 5,290 3,750 
Power? 1,970 5,280 167 3,930 10,560 330 7,880 21,120 666 
Maintenance ‘ 262 640 167 §25 1,280 330 1,052 2,560 666 

1,665 3,330 6,660 
Fuel costd 59,099 40,0900 58,300 118,000 80,000 115,300 236,000 160,000 233,000 
otal annual firing costs, dollars 62,882 48,520 61,649 124,855 95,330 121,390 248,682 188,970 244,742 
Annual savings over pulverized bit., 14,562 29,525 59,712 
Additional cost of firing equipment, dollars 5,000 6,600 10,300 
Per cent annual return on additional investment 292 448 580 
Annual savings over stoker, dollars 13,329 26,060 55,772 
Additional cost of firing equipment, dollars 7,000 &,600 10,300 
Per cent annual return on additional investinent 190 303 541 
Total firing cost per 1000 |b steam, cents 23.9 18.4 23.8 33:7 18.2 yD 23.6 18.0 23.2 


* Unit pulverizing system equipment for feeding, pulverizing, and burning fuel ineluding crushed-coal and pulverized-coal piping, feeders, pulverizers, 


burners, fans, ducts, control dampers, manual operating controls, and drives inc 


luding motors 


Stoker firing system includes chain- or traveling-grate anthracite stoker, hopper, wind box, fan, ducts, and drives including motors. Man- 


ual controls 


33 kwhr/ton for pulverized-anthracite system, 15 kwhr/ton for pulverized bituminous system, 1 kwhr/ton for stoker and fan at 1 cent per kwhr. 


© 4 cents per ton for pul verized-anthracite system, 2 cents per ton for pulverizec 
are hes 


4 $2.50 per ton of anthracite silt or culm, $4.50 per ton of bituminous coal, $3.50 per ton of No. 3 


5 per cent No. 


i bituminous system, 1 cent per ton for stoker and 10 cents per ton for stoker 


and No. 4 buckwheat mixture: 75 per cent No. 3 and 


rABLE 2 
Capacity per boiler, Ib per hour 50,000 100,000— ——200, ‘ 
Fuel Kitun Anthracite Bitum Anthracite Bitum. —Anthracite— 
sit Nos. 3 & 4 Silt Nos. 3 & 4 Silt Nos.3 &4 
buck buck. buck. 
Firing method Unit pul Unit puly Stoke: Unit pulv Unit pulv. Stoker Unit pulv. Unit pulv. Stoker 
Relation to total firing, 
cost 
Fixed charges, per cent 2.6 4.9 2.2 1.9 3.7 ave 1.5 2.8 1.5 
Power, per cent 10.4 0.3 33.3 0.3 3.2 13.2 0.3 
Maintenance, per cent 04 oe 2.5 04 1.3 3.0 0.4 1.3 3.2 
Fuel cost, per cent 93.9 82.9 95 0 94.6 83.9 95.0 94.9 84.7 95.0 
Potal ‘ 100 0 100.0 100 0 100.0 100.0 100.0 100.0 100.0 100.0 


vary with differences in the designed capacity of the boilers and 
with variations in the prices of the fuels compared. 

Fig. 12 shows the estimated money savings while Fig. 13 shows 
the yearly return on the additional cost of the pulverized-culm 
fring equipment. 

From Figs. 12 and 13 it may be seen that with $2.50 and 83 
culm, savings may be expected if the corresponding cost of the 
No. 3 and No. 4 buckwheat mixture exceeds $2.65 and $3.15, 
respectively. 

In those plants where pulverized-anthracite silt- or culm-fired 
boilers would be considered as competitive with anthracite stoker- 
fired boilers a satisfactory stoker fuel generally will cost from 
$3.50 to $3.75 per ton delivered. In such a plant the installation 
of a pulverized-culm- or silt-fired boiler which can burn the much 
cheaper culm instead of a stoker-fired boiler, will pay for the 


additional cost of the pulverizing and firing equipment in a very 
short time, generally less than a vear. 
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Heat Transmission in Steel-Reheating 


Furnaces 


By J. E. EBERHARDT? anv H. C. HOTTEL,? CAMBRIDGE, MASS. 


In this paper the results of 23 tests on six continuous 
billet-reheating furnaces of widely varying size operating 
under widely varying conditions are presented and corre- 
lated by means of a relatively simple semiempirical equa- 
tion suitable for use in design calculations. The equation 
giving the heat transmission involves the product of a 
fourth-power temperature function, the effective hearth 
area, the emissivity of the flame due to its nonluminous 
constituents, and the continuity of operation of the fur- 
nace. The use of the equation in design calculations is 
illustrated. 

The second portion of the paper presents results of a 
more comprehensive test of one of the furnaces, including 
both terminal and intermediate conditions. The agree- 
ment between the results of tests on the various sections 
of the furnace and the heat transmission predicted from a 
rigorous consideration of the various contributing mecha- 
nisms is good. Since the method of attack outlined in 
this section is free from empiricism, its applicability 
is not limited to reheating furnaces. 


Hk problem of evaluating the heat transfer in furnaces 
‘te been approached, in general, in two distinct ways. 
The commoner method involves the use of an overall heat- 
transfer coefficient multiplied by the temperature difference be- 
tween furnace and stock, while the second consists of a detailed 
formulation of the various mechanisms by which the heat is 
actually transferred. The first of these approaches leads to a 
very simple formulation. However, at the high temperatures 
encountered in industrial furnaces, radiant-heat flow, expressed 
by an equation involving the fourth power of the absolute tem- 
perature, becomes so large as to overshadow convection. It is 
largely because of this that attempts to correlate furnace-per- 
formance data by means of a simple temperature-difference equa- 
tion have not met with marked success. ‘The second approach, 
without the introduction of some simplifying assumptions, is in 
general too complicated for use in design calculations. 
For a treatment of the problem to have a wide range of useful- 
ness, the principles on which it is based should be general enough 
in nature to be applicable to any industrial furnace. It is also 
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desirable that, for the purpose of developing a technique of pre- 
dicting heat transfer in furnaces, a problem be chosen which is as 
straightforward and clear-cut as possible. A survey of steel- 
plant equipment indicated that continuous billet-reheating fur- 
naces, exemplifying high-temperature countercurrent heat ex- 
changers, offer the greatest opportunity for collecting data to be 
used in the development of a sound treatment of the problem. 
Schack (1), Heiligenstaedt (2), and Trinks (3) have contributed 
to the solution of this problem. 

In general, there are three different methods for developing 
an equation to represent any given process. These are (1) a 
completely empirical correlation of a large quantity of data, (2) 
a completely theoretical attack, and (3) a combination of the 
first two methods, that is, a theoretical treatment with such 
simplifications, which may involve empiricism, as may be deemed 
advisable. 

The first part of the present work consists of the presentation 
and correlation of overall-performance data taken on six con- 
tinuous reheating furnaces operating under widely varying con- 
ditions. The correlation is accomplished with an equation 
which is of a form sufficiently simple for design calculations and 
which contains elements of both theory and empiricism. The 
second part consists of the presentation of complete data on a 
continuous reheating furnace, including both terminal and inter- 
mediate conditions, and a comparison of observed results with 
those calculated from a completely theoretical treatment. 


DEVELOPMENT OF MeEruop or ATTACK 


On the assumption that the mechanism of heat transfer in a 
furnace may be more adequately expressed by a fourth-power 
than by a first-power equation, let us write 


The nomenclature used in this and the following equations is: 


q = heat transfer to steel surface, Btu per hr 
K = proportionality constant 
T, = absolute temperature of gas stream, deg F + 460 
T~ = absolute temperature of steel surface, deg F + 460 
dy = heat flow from gas to surroundings, Btu per hr 
Pp = emissivity of gas due to all radiating mechanisms 
A, = refractory area per foot of hearth length, sq ft 
« = 0.172 X 10-8, Btu per sq ft per hr per (deg F + 460)‘ 
T, = absolute temperature of refractory, deg F + 460 
A. = steel surface area per foot of hearth length, sq ft 
Q.c = heat transfer to steel surfaces by convection, Btu per 
hr 
q-r = heat transfer to refractory by convection, Btu per hr 
F,. = fraction of radiation from steel surface intercepted by 
refractory surface 
q. = external losses from the furnace walls 
N = hearth length, ft 
1 — pp = transmissivity of flame for radiation between re- 
fractory and steel surfaces. The transmissivity of 
a body is unity minus its absorptivity. The emis- 
4 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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sivity would be equal to the absorptivity only if the 
flame were a gray body. The assumption that this 
is true should not, however, lead to any great error 
in the final result. 


The problem then consists of finding suitable methods for 
evaluating the two terms AK and (7, — T;‘). For determining 
K, a modification of the treatment utilized by Haslam and Hot- 
tel (4) will be used. Thus, assuming for the moment that the 
surfaces bounding the gas mass in the furnace are black, an equa- 
tion of heat transfer can be written 


On the right-hand side of this equation, the first term represents 
the radiant-heat flow from the gas to the refractory, the second 
term represents the radiant-heat flow from the gas to the steel, 
the third term represents the convection-heat flow from the gas 
to the steel, and the fourth term represents the convection- 
heat flow from the gas to the refractory. The total flow of 
radiant heat is therefore the sum of the first and second terms, 
while the total flow of convection heat is the sum of the third and 
fourth terms. 

A heat balance on the refractory walls can be expressed by the 
equation 


ppA rNo(T T pr‘) + = (1 Pe) A T p* + q. 


On the left-hand side of Equation [3] the first term represents 
the flow of radiant heat from the gas to the refractory while the 
second term represents the flow of convection heat from the gas 
to the refractory. On the right-hand side of Equation [3] the 
first term represents the flow of radiant heat from the refractory 
to the steel surfaces while the second term represents external loss. 

The temperature of the refractory may be eliminated by com- 
bining Equations [2] and [3] if the simplifying assumption be 
made that the heat transferred to the refractory walls by con- 
vection is equal to the external loss from them. Experience 
has shown that this is a justifiable assumption and that a large 
error in it does not materially affect the final result. The 
equation resulting from the elimination of T', is 


1 


Ar 
1 — pr AcF¢ 


Qe = PpN[ Ac + Ar 


o(T* — Te) + Gc 


+ Ger 
Equation [4] differs from Equation [1] in that (1) gy represents 
all heat transferred from the gas, whether to the billets (and 
skids) or as external losses, whereas q does not include external 
losses; (2) Equation [4] includes convection terms; and (3) 
Equation [4] is valid only for point conditions whereas Equation 
[1] represents overall furnace performance. Similarity of form 
suggests defining K by the equation 


1 


K = pp’ [Ac + Ar Neo = pr’A'No... [5] 


in which p,’ is the pseudo emissivity, including both radiation 
and convection. Inasmuch as by far the greater portion of the 
heat transmission is by radiation, this treatment should be more 
satisfactory than the use of a pseudo convection coefficient which 
includes radiation. 

In the derivation of Equation [4], all surfaces surrounding the 
gas in the furnace were assumed black. The factor by which the 
radiation term should be multiplied to allow for nonblackness 


of these surfaces is difficult to evaluate if the emissivity of the 
surroundings is low, but it approaches the emissivity of the sur- 
roundings as that emissivity approaches unity. The average 
value of the emissivity of the steel will be called p,, and in sub- 
sequent calculations will be assumed equal to 0.9. 
[5] is now modified to 


Equation 


K = 


The total effective heat-receiving surface A’ may be thought of 
as the steel surface plus a certain fraction of the roof and wall 
surface, a concept similar to that of an “equivalent hearth area’’ 
(5). In this connection it is to be noted that, in billet-reheating 
furnaces, the quantity Fy, is numerically equal to unity. A 
complete discussion of this treatment has been given by Haslam 
and Hottel (4). 

The evaluation of an average temperature difference to be used 
in a consideration of the overall performance of a heat exchanger 
operating at a low temperature has been accomplished in a 
number of ways, of which probably the most familiar is the loga- 
rithmic mean of the terminal temperature differences. These 
treatments, however, are valid only for convection. The prob- 
lem here is more complex inasmuch as, in a rigorous treatment, 
it would be necessary to consider not only temperature differences 
but also differences of the fourth power of the absolute tempera- 
tures. Since the original hypothesis of this treatment was that 
heat transfer in furnaces occurs largely by radiation, efforts 
toward finding a method for evaluating (7-4 — T¢‘)avg will be 
confined to the consideration of radiant-heat flow. 

Consider a countercurrent heat exchanger with constant 
weight rates of flow and constant specific heats of, for example, 
gas and steel. Heat transfer in this heat exchanger is to take 
place only by direct radiation between the gas and steel, each 
having a constant emissivity. In «a differential length, then 


dq = — T,)dA = W,C = ¢... . (6! 


and, for the heat exchanger as a whole 


. [5a | 


q = — A = p(T — Tr) 
= W CAT eee (7] 
where k = proportionality constant, d denotes differential, 


W, = weight rate of flow of gas, W, = weight rate of flow of 
steel, Cp = specific heat of gas, C, = specific heat of steel, 
subscript 1 denotes hot end of furnace, and subscript 2 denotes the 
cold end. 

Integration of Equation [6] gives 


Tri Ta 
kA = 
Tr: TC: 


whence, from Equation [7] 


Tr, —T Ta —T 
_ 
TF: Te: 


From the relation between 7'p and 7’, obtained by integrating 
Equation [6] between limits corresponding to terminal and inter- 
mediate points of the interchanger (7-4 — T'¢‘)avg, as defined 
in Equation [8] may be determined and will, of course, depend 
only on the terminal temperatures 7’, Tr2, To, and Tes. 
In the hope of obtaining a simple empirical relation between 
the desired (7p — Tc*)avg and the four terminal tempera- 
tures, a number of graphical integrations of Equation [8] were 
performed for various assumed terminal conditions and the re- 
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TABLE | DETERMINATION OF (TF* TC')avg 
———Deg F + 460————. — (Deg F + 460)! x 10°" 
True Method Method Method Method 3 

Tri Tr: Te Tc: avg 1 2 3 true avg 
4000 2500 2500 500 217 39.0 92.8 106 128 92.0 0.99 
4000 2000 2500 500 217 15.9 52.9 75.9 117 58.7 1.11 
3500 2500 2500 500 110 39.0 71.5 75.9 74.5 65.4 0.92 
3500 2000 2500 500 110 15.9 41.5 52.0 2.9 41.9 1.01 
3500 1500 2500 500 110 5.0 21.5 34.0 57.5 23.4 1.09 
3000 2500 2500 500 41.9 39.0 39.5 52.0 40.5 40 4 1.02 
3000 2000 2500 500 41.9 15.9 24.9 34.0 28.9 25.8 1.04 
3000 1500 2500 500 41.9 5.0 3.9 20.5 23.5 14.4 1.04 

True average is the average as determined by graphical integration of Equation [8] 

Method 1 = tims 


Method 3 = Te) (TR: Tes 


sults compared with various 
results are presented in Table 


The 
5 and indicate that the geometric 
mean of the terminal fourth-power temperature differences ade- 
quately represents the true average, i.e. 


simple arbitrary averages. 


— Te)ave = V (Tris — Ter’) (Test — Tes!) 

No claim is made that this simple type of mean is applicable 
to all types of problems involving radiant-heat flow. For the 
full range of probable variation of conditions in billet-reheating 
furnaces, though, it should be adequate. 

The direct application of this geometric mean in design eal- 
culations presupposes a knowledge of the gas temperature at the 
hot end of the furnace, a quantity possessing a high degree of 
unpredictability. As a consequence of this, the temperature 
which will be used in the final equation is the theoretical flame 
temperature. The “theoretical flame temperature” 
used here to indicate the temperature attained in an adiabatic 
combustion of the air-fuel mixture, as actually fired into the fur- 
nace, to conditions of thermodynamic equilibrium, i.e., with due 
allowance for dissociation effects, if any. 

Although this temperature is certainly not equal to the actual 
gis temperature at the hot end of the furnace, it is a predictable 
quantity and undoubtedly parallels and consequently measures 
the actual conditions in the furnace. Whether its use is justified 
will depend on the character of the correlation to be obtained. 

The final equation of heat transfer to the steel (and to the 
skids under it) is 


term 


Is 


A R 
(1 — pr’)Ac 
No V (Trt — — Ter") [10] 
wherein 7'r; is to be taken as the theoretical flame temperature. 
The merit of Equation {10] for use in design calculations de- 


pends on the predictability of py’. The evaluation of this quan- 
tity is considered next. 


= | Ac + 


EVALUATION OF Pp 


In Table 2 are presented overall-performance data taken on six 
different billet-reheating furnaces. Diagrams of these furnaces 
are shown in Fig. 1. 

Since Table 2 includes the necessary data for the calculation of 
all terms in Equation [10] except py’, this equation, for pur- 
poses of correlation, has been used in the calculation of p,’. 
This quantity has a magnitude dependent on the sum of several 
mechanisms of heat transfer which are: (a) radiation from the 
water vapor and carbon dioxide in the gas stream; (6) radiation 
from luminous particles in the flame or gas; and (c) convection 


* Other methods besides those given in Table 1 were tried but with 
results of no value. 


from the gas stream; it should furthermore be affected by varia- 
tions in the steadiness of furnace operation. 

The first of the heat-transfer mechanisms mentioned is un- 
doubtedly the most important in furnaces of the type under con- 
sideration. Recent data on thermal radiation from carbon di- 
oxide and water vapor are available in the literature (5), ex- 
pressed as a function of two variables, the gas temperature and a 
product PL, where P is the partial pressure of the radiating 
constituent in atmospheres and L is the average length of the 
radiant beams in feet, in the shape under consideration. These 
data permit an evaluation of an effective gas emissivity merely 
from a knowledge of the composition of the gas stream, the size 
and shape of the furnace, and the temperatures of the gas stream 
and the steel surface. 

The values of pz, the effective emissivity due to nonluminous 
radiating constituents, were calculated from the known composi- 
tion of the gas and the known size and shape of the furnace (see 
appendix). For the sake of simplicity, the gas temperature was 
taken as the arithmetic average of the theoretical flame tempera- 
ture and the exit flue-gas temperature while the billet temperature 
was taken as the arithmetic average of its terminal values. It is 
admitted that the effective gas emissivity calculated in this man- 
ner may not equal the actual effective emissivity although sub- 
stantial parallelism should exist between the two. 

In the ratio p,’/p, presented in Table 2, pp’ is an experi- 
mentally determined quantity and p,; is a quantity calculated 
as outlined previously. Examination of the data indicates a 
variation in this ratio from 0.55 to 1.37. This lack of constancy 
may have been caused by (a) failure of nonluminous gas radia- 
tion to control the process to a sufficient extent to make the other 
mechanisms of heat transfer unimportant, or (6) irregularity of 
operation of the furnaces during the tests. The latter factor 
will be considered next. 

Both experience and theory indicate that the continuity of 
operation of a furnace has a marked effect on its performance 
and that regularity in pushing billets is attended by high ef- 
ficiency. In Table .2, under the heading “remarks,” may be 
found some indication of the degree to which continuous opera- 
tion was approached in the various tests. Unfortunately, the 
data on this point are meager, the tabulated remarks being only 
qualitative. However, there seems to exist a very definite 
relationship between the ratio pp’/p; and the operation of the 
furnace. This is shown in Table 3. 

It is to be observed in Table 3 that, with character of operation 
specified, the ratio pp’/pg varies little, and that the ratio 
varies with the character of operation in a regular manner. 

To obtain a quantitative expression of the degree of continuity 
of operation of a furnace, one might take the ratio of the average 
hourly weight of steel put through the furnace for long-period 
operation to the hourly weight of steel put through the furnace 
for steady operation (equal time intervals between billet push- 
ings), the billets in each case to be of the same length. This 
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TABLE 2. OVERALL-PERFORMANCE DATA ON SIX BILLET-REHEATING FURNACES 


1 2 3 4 5 6 7 8 9 10 11 
4 4 4 4 4 4 4 4 q 4 4 
Fuel analysis, per cent dry: 
1.9 1.9 1.9 1.9 1.9 1.9 1.6 1.9 2.2 10.6 8.6 

aid 2.7 2.7 2.7 2.7 2.8 3.7 0.6 0.6 

SS erry ere 1.9 1.9 1.9 1.9 1.9 1.9 0.9 0.6 0.7 0.7 0.6 

4.7 4.7 4.7 4.7 4.7 4.7 5.2 5.5 5.2 22.1 18.8 

27.0 27.0 27.0 27.0 27.0 27.0 28.8 30.9 28.6 6.5 9.2 

47.5 47.5 47.5 47.5 47.5 47.5 52.3 54.5 47.8 11.3 21.3 

14.3 14.3 14.3 14.3 14.3 14.3 8.6 3.8 11.8 48.3 40.8 

Firing rate, 1000 cu ft per hr (60 F, 30 

ew 67.6 68.0 59.5 57.6 74.5 60.5 63.3 60.9 55.8 188.0 95.0 
Lower heating value, Btu per. cu tt (60 F, 

433.0 433.0 433.0 433.0 433.0 433.0 455.0 496.0 466.0 168.0 210.0 
Flue-gas analysis, per cent dry: 

DAN 9.3 9.6 8.6 8.3 9.2 9.2 8.1 8.5 8.6 16.7 13.8 

0.9 0.5 3.2 3.9 0.2 0.9 0.8 0.7 2.9 

He. 0.8 0.5 = 0.2 1.8 0.6 1.6 0.9 1.5 : 

88.8 88.9 88.2 87.3 87.1 88.8 87.3 88.2 87.2 1 83.3 
Exit flue-gas temperature, F............ 1284 1343 1249 1459 1627 1478 1390 1480 1400 1990 1765 
Billets charged, 1000 lb per hr..... 26.0 27.2 16.4 22.3 28.4 24.0 25.9 24.6 29.8 24.4 17.4 
ae ere Sera 8.5 8.5 6.25 8.5 9.0 8.5 2 8.0 8. 5 7.0 
Exit billet temperature, F..... sees Doe 2290 2255 2300 2255 2305 2385 2475 2230 2370 1940 
None None None None None None None None None 565 320 
Heat input in fuel, 6 million Btu per hr.. 29.3 29.5 25.8 25.0 32.4 26.1 28.6 30.2 26.0 31.6 20.0 
Heat input in air, million Btu per hr, 

Heat in billets leaving, million Btu per hr 9.2 S.7 5.7 8.0 10.1 8.5 9.6 9.4 10.6 8.9 §.3 
Stack loss,© million Btu per hr.......... 9.4 9.6 8.1 9.7 14.2 9.7 11.5 12.6 10.3 18.8 10.8 
External loss, by difference, million Btu 

aaa 10.7 10.2 12.0 7.3 8.1 7.9 a 8.2 5.1 Sj 4.9 
Efficiency, based on lower heating value?. 31.4 32.8 22.1 31.9 31.2 32.6 33.4 31.1 40.7 28.2 26.5 
Per cent of theoretical air.............. 108.5 105.6 122.2 122.6 100.0 108.5 100 114.3 100.0 108.0 125.2 
Theoretical flame temperature,*F....... 3450 3490 3400 3350 3400 3450 3430 3340 3490 3190 3050 
304 320 290 263 288 301 280 231 329 195.2 204 
69.3 76.4 65.5 78.0 93.0 84.0 75.0 74.6 82.1 110.0 94.3 
| Ae eee 0.159 0.151 0.114 0.123 0.124 0.122 0.169 0.157 0.160 0.101 0.073 
2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 
| ce 0.152 0.156 0.146 0.144 0.151 0.151 0.143 0.146 0.146 0.130 0.134 
Pp’/Pg 1.05 0.97 0.78 0.85 0.82 0.81 1.18 1.08 1.10 0.78 0 55 
Remarks on steadiness of operation..... N N U U U U Ss Ss s U EU 
wz a undoubtedly not entirely representable by the simple continuity 
|) y y rep y 
‘ 59 Ft | 0) ratio a. This effect must also depend on the length of the period 


Avg. Height - 1.2 Ft. jee Ft. 


45 Ft 


Avg. Height-1 35Ft. Hie Ft 


Avg Height=1.15 Ft. 


during which no shutdowns occur as well as on the comparative 
lengths of the shutdown period and the interval between suc- 
cessive billet pushings. For example, if it is desired to heat steel 
at an average rate of 120 billets per hour, one could operate in 
one of the following ways: (a) Run 8 hours at the rate of 150 
billets per hour and shut down completely for 2 hours; (6) run 
continuously at the rate of 120 billets per hour; and (ec) run 48 
minutes at the rate of 150 billets per hour and shut down for 12 


en © minutes every hour. The first case cited corresponds very 
closely to a furnace with a rated capacity of 150 billets per hour 
<r © Avg. Height when operating steadily; the second corresponds to a furnace 

an 2.5 Ft. #31 Ft. with a rated capacity of 120 billets per hour when operating 


Avg. Height -2.0 Ft 


Fie. 1 DIAGRAMMATIC SKETCHES OF FURNACES TESTED, SHOWING 
VERTICAL AND HorizontTaL Sections THrovucH Masor Axis 


(Furnaces 4 and 5 have an active hearth length of 42 and 39 ft, respectively, 
because the hot gases did not travel over the full hearth length.) 


ratio will be called the “‘continuity ratio” and be designated by a. 
Unfortunately, the data given in Table 2 permit no quantitative 
correlation on this basis. However, results of recent tests (to 
be discussed later), in which data on the continuity of operation 
were taken, indicated that for steady operation, when pp’/p, 
should be a maximum, the value of that ratio was 1.20 (in good 
agreement with the values given in Table 2 for steady operation) ; 
and that for operation with a equal to 0.85, the value of pp’/pg 
was 1.0. A consideration of these tests, as well as the definite, 


where a, the continuity ratio, is evaluated as described previously. 
The effect of unsteady operation on furnace performance is 


steadily; the third represents a condition intermediate between 
the first two for which @ is 0.8. The @ concept will predict 
the same furnace length (for fixed efficiency and neglecting change 
in the ratio of losses to heat picked up by steel) for cases (a) and 
(c), namely, a furnace 1.0/0.8 or 25 per cent longer than for the 
steady operation of case (b). This prediction is either somewhat 
high for case (c) or low for case (a), since case (c) must lie between 
eases (a) and (b). Exact consideration of the effect of irregular 
operation is not possible without more data than are at present 
available. In general, furnaces of the type being discussed ar 
designed for regular or very nearly regular operation, i.e., for 
greater than, say, 0.8. In this range, values of pp’ as pre- 
dicted from Equation [11] should be sufficiently accurate for use 


TABLE 3 RANGE OF THE RATIO pp//pg DURING THE TESTS 


con t Operation Test number Range of pp’/Pg 
& though qualitative, relationship between continuity of operation steady.................-....--- 7,8, 1.08-1.18 

and shown in Table 2, has led to the recommendation 84,518, 18 

ee the following equation for predicting p,’ Extremely unsteady............. — 0.55-0.65 


Nore: Test no. 16 is not inpinded in this table because the short length 
of the test period introduced a heat-storage error. Tests no. 19, 20, and 21 
are not included because of lack of data on the continuity of operation. The 
abnormally high value of pp’/pg in test no. 19 may have been caused by the 
probable high luminosity of the flame resulting from diffusion-flame combus 
tion with a marked deficiency of air. 
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TABLE 2 (Continued) 
Test number?........... 1: 


2 13 14 15 16 17 18 19 20 21 
Furnace number.......... oh 5 5 5 5 5 6 6 1 2 3 
Fuel gualyels, per cent dry: 
2.5 1.6 2.3 2.6 2.1 2.0 7.4 2.9 4.4 
A eee 5.3 2.6 1.7 2.9 2.7 2.5 3.0 0.5 2.2 1.4 
1.5 2.1 1.0 Bae 2.9 2.1 2.0 0.2 0.8 0.3 
oe 3.3 5.0 5.9 6.9 6.0 5.9 5.0 23.9 5.6 16.7 
CHy 28.0 26.8 27.@ 26.1 25.1 27.7 26.0 7.3 23.5 12.6 
52.6 52.9 57.1 53.2 50.9 52.0 55.0 14.5 53.0 30.5 
Ne. 6.8 8.5 5.0 7.5 9.8 ae 7.0 46.2 12.0 34.1 
Firing rate, 1000 cu ft per hr (60 F, 
in. sat.). 101.5 108.1 107.0 116.7 108.0 32 50.0 140.0 20.2 51.5 
Lower heating value, Btu. per cu ft (60 F, 
485.0 446.0 447.0 440.0 422.0 446.0 441.0 188.0 435.0 269.3 
Flue-gas analysis per cent dry: 
7] eee 6.8 8.0 7.8 8.4 9.0 4.4 5.1 15.9 8.7 10.6 
6.4 3.8 3.2 1.2 15.2 0.1 
45.2% 0.4 0.3 0.1 3.9 3.3 
RA eee oe 86.8 87.6 90.2 88.3 89.7 80.4 83.9 78.2 87.8 84.4 
Exit flue- -gas temperature, | eee . 1330 1640 1500 1690 1615 1260 1520 1580 1400 1720 
Billets charged, 1000 lb per hr ‘ 31.5 54.2 38.6 52.5 qa.4 16.4 36.4 20.7 9.25 13.2 
ge Serer 14.0 14.0 14.0 14.0 10.0 30.0 30.0 3.5 6.5 
Exit billet temperature, F......... 2300 2165 2250 2315 2200 1880 2000 2400 2450 2430 
300 None None 790 730 560 580 None 300 None 
Heat input in fuel, million Btu per hr... 49.1 48 4 47.8 §1.2 45.6 14.5 22.1 26.3 8.8 13.9 
Heat input in air, million Btu per hr, 
above 60 F. a 8.4 6.4 3.0 4.3 , 0.3 ents 
Heat in billets leaving, million Btu per hr 11.3 18.5 13.5 18.9 24.8 4.7 11.4 aca 3.5 5.0 
Stack loss,® million Btu per hr......... 20.6 21.2 19.0 23.4 19.0 $3 12.9 15.3 3.3 cs 
External loss, by difference, million Btu 
reer ere eee 20.6 8.7 15.3 7.3 9.2 47 2.1 3.3 2.3 1.2 
Efficiency, based on lower heating valued. 23.0 38.2 96:9 36.9 54.4 32.4 51.5 29.3 39.8 36.0 
Per cent of theoretical air..... r 149.3 122.4 122.0 122.5 117.5 227.0 201.0 83.5 92.8 94.4 
poseneinene flame penaute e F . 38070 3370 3240 3680 3860 2540 2900 2930 3875 3170 
RS Serre a 168 288 229 401 513 87.6 156 112.1 4 179 
Ds 18.3 33.2 25.2 36.7 31.6 14.9 26.3 29.6 20.5 38.7 
Dave! a : 55.5 97.8 76.0 121.3 127.2 36.2 64.0 57.6 99.1 83.3 
Dp’ 0.175 0.163 0.153 0.134 0.213 0.118 0.163 0.167 0.105 0.111 
3.20 3.20 3.20 3.20 3.20 4.00 4.00 1.92 1.60 1.84 
PG RP orerr 0.163 0.180 0.178 0.167 0.179 0.182 0.170 0.122 0.113 0.124 
A) ae : 1.07 0.91 0.86 0.80 1.19 0.65 0.96 1.37 0.93 0.90 
Remarks on steadiness é operation. aa N U U U ss EU N 


a Tests 1 to 18, inclusive, from reports of the Buffalo Station of the School of Chemical Engineering Practice, Massachusetts Institute of Technology 
Tests 19, 20, and 21 from data by Schack (1 
> Heat input based on lower heating value. 
© Stack loss includes unburned gas. 
4 Efficiency includes air preheater, if any. 
¢ Theoretical flame temperature c orrected for dissociation. 
Dit = 0.172 X 10~* (theoretical flame temperature, F + 460)4 — (exit billet temperature, F + 460)‘. 


Dia = 0.172 X 1075 (exit flue-gas temperature, F + 460)+ (entrance billet temperature, F + 460)*. 

Dave! = geometric mean of and Det = ¥(Dit 

Dp’ = (heat to billets)/poA ’NDavg', where N = length of furnace, Po = 0.9, and A’ = Act Ap ‘Pres _ — an) 

F R 

1 — Pr’ Ac 

L = average length of radiant beam = 1.6 X (average free height above billets). 

Pg = effective emissivity of gas in furnace due to nonluminous radiating constituents. Calculated at arithmetical mean of theoretical flame tempera- 

ture and exit flue-gas temperature, radiating to billets at arithnetical-mean billet temperature. 

ss = steady operation, short test period. 

N = normal operation. 

8 = steady operation. 

U = unsteagly operation. 

EU = extremely unsteady operation. 


'n design calculations. However, since the data used for deter- flame or diffusion flame combustion would be attended by an in- 
mining the constant in Equation [11] were obtained for opera- creased heat transmission due to high flame emissivity, or whether 
tion with premix burners yielding substantially nonluminous that higher emissivity would be offset by the lower flame tem- 
flames, the limitation of use of that equation to similar combustion perature is not known. The net effect of the change in combus- 
conditions must be recognized. Whether operation with long — tion conditions would probably not be great. 

Fig. 2 shows the data from Table 2 and from the recent tests 
PR dh i aR. ( plotted as pp’ versus pg. It is to be noted that the points lie in 
aed BP ye ed rather well-defined bands for a given character of operation. 


|} 4 - UNSTEADY OPERATION y The lines for given values of a represent Equation [11]; the 
*-VERY UNSTEADY OPER'N| 


0.16} B-RECENT TEST («=10) +A spread between the points and the lines may well represent minor 
@-RECENT TEST (&=0.85) VA ye differences in the continuity of operation of the various furnaces 

CG during the test periods. 
012 ; LL Aa All of the terms in Equation [10] have now been defined in 
- SAvA Ae LA terms of known quantities; the next section deals with the use of 


this equation in design calculations. 


AZ Design CALCULATIONS 
0.04 iY, LL : The fuel consumption or the furnace efficiency is one of the 
A major factors entering into an economically sound design of a 
furnace with definite capacity requirements. These quantities 
00 008 020 are directly calculable from Equation [10] as functions of the 
Pg furnace length. The use of this equation, however, presupposes 
Fie. 2 CorreaTtion or Test Data a knowledge of certain quantities consideration of which is be- 
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yond the scope of this presentation. The more important of 
these may be briefly summarized as follows: 

1 Dimensions of furnace other than length, determined by 
consideration of such items as size of stock, gas flow, prevention 
of direct impinging of flame on stock. 

2 Air preheat temperature. This temperature obviously 
should be the maximum allowable, a quantity dictated largely by 
experience. 

3 Percentage of theoretical air. This quantity should never 
be more than slightly above 100, some steels requiring marked 
deficiency. In general, it is most economical to fire with a slight 
deficiency of air. 

4 External losses. These losses are calculable by methods 
available in the literature. 

5 Loss to such equipment as water-cooled skids. 

The use of Equation [10] in design calculations is best illus- 
trated by the presentation of an example. 

Statement of Problem. A billet-reheating furnace is to be de- 
signed to heat an average of 50,000 Ib of steel per hour from 80 F 
to 2200 F. The fuel available is a gas with a lower heating value 
of 450 Btu per cu ft and is to be burned with cold air to produce 
5.6 cu ft of total flue gas per cu ft of fuel. The flue-gas analysis 
(wet basis) will average 9 per cent COs, 20 per cent HO, and 71 
per cent N, and O,.. The billets are to be 15 ft long and the 
average free height over them is to be approximately 2 ft. 

Auxiliary Data. The estimated heat transfer to water-cooled 
skids is 2,000,000 Btu per hr. The external losses vary with the 
length as follows: First 10 ft, 1,000,000 Btu per hr; second 10 
ft, 700,000 Btu per hr; third 10 ft, 500,000 Btu per hr; and there- 
after 20,000 Btu per hr per ft. It is expected that a will be 
about 0.8. 

Solution. Obviously, there is no singular solution for the 
problem as stated, therefore, one more condition must be fixed. 
Although one may choose as a basis a fixed furnace length, firing 
rate, efficiency, or stack-gas temperature, the problem requires 
a tedious trial-and-error solution unless discrimination is used 
in the choice of the variable to be fixed. In the present example 
it will become apparent that the solution is simplest if the stack- 
gas temperature is fixed. Accordingly, that temperature will 
be fixed for the present example at 1750 F, and the necessary 
furnace length will be found. 

Per foot of furnace length, the steel surface area Ag is 15 
sq ft (neglecting ends of billets) and the refractory surface area 
Apis 15 + 2 + 2 = 19 sq ft (neglecting clearance between the 
ends of the billets and the side walls). End clearance is neglected 
here for the sake of simplicity. It was not neglected in the cor- 
relation of the data in Table 2. Ilts effect becomes important 
when the billets are short compared to the furnace width. 

Steel at 2200 F has a heat content above 80 F of 345 Btu per 
lb; the heat absorbed by the steel is 50,000 345 = 17,250,000 
Btu per hr. The theoretical flame temperature corresponding 
to conditions is 3500 F. Then, for the hot end of the furnace 


0.172 XK 10-8 (39604 — 26604) = 336,000 Btu per sq ft per hr 
and for the cold end 
0.172 & 10~§ (22104 ——- 540*) = 40,800 Btu per sq ft per hr 


The geometric mean of these values = 117,000. 
From gas radiation charts available in the literature (5), the 
value of pg is found to be 0.187 (see Appendix). Then 


Pe’ = 1.2 X 0.8 X 0.187 = 0.180 


One may now substitute these values in Equation [10] to find 
the furnace length N corresponding to total heat to and through 
the steel of 17,250,000 + 2,000,000 (heat absorbed by steel plus 


heat. flow through billets to skids) Btu per hr. 
[10] 


From Equation 


_19,250,000 
0.9 X X 29.9 117,000 


= 34 ft 


The external losses then are 2,280,000 Btu per hr. 
rate ean then be found from the relation 


The firing 


heat to billets + heat to skids + external losses 


firing rate = : 
e net heat from gas per cu ft = (450 — stack loss per cu ft) 


17,250,000 2,000,000 + 2,280,000 
- = 87,500 cu ft per hr. 
(450 —- 204) 
Finally, the furnace efficiency, based on the lower heating value 
of the fuel, is 


; heat to billets 17,250,000 
efficiency = : = = = 44 per cent. 
450 X firing rate 450 X $7,500 
CALCULATED CHARACTERISTICS 
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FIXED CAPACITY AND COMBUSTION CONDITIONS 


Since, in making a final decision on furnace length, a balance 
must be made among the various factors influencing the operating 
cost of the furnace, the preceding calculation should be repeated 
for other fixed values of stack-gas temperature. The results of 
such calculations are shown in Fig. 3, which shows the necessary 
furnace length corresponding to different thermal efficiencies of 
fuel utilization. With appropriate cost data, discussion of which 
does not properly come within the province of this paper, a de- 
cision could be made as to the most economical furnace length. 

The method of calculation outlined is intended to apply only to 
the heating sections of billet-reheating furnaces. For relatively 
small billets (less than 6 in. thick) the entire furnace length may 
be considered as a heating section, but when thicker billets are to 
be heated it becomes desirable or even necessary to provide a 
separately fired temperature-equalizing or soaking section because 
of the excessive temperature differences through the billets set up 
by rapid heating. In a true soaking section very little heat is 
transferred to the billets, the heat given up by the gas being very 
nearly equal to the external losses from the section. In this 
case a solution for the proper length of the furnace involves the 
use of Equation [10] to determine the length of the heating sec- 
tion. The length of the soaking section depends on the billet 
thickness, the temperature gradient existing at the end of the 
heating operation, the permissible temperature gradient at the 
end of the soaking operation, and the permissible maximum sur- 
face temperature during heating. 

The problem of predicting the change in the performance of « 
given furnace with a change in one or more of its operating 
variables is capable of solution by means of Equation [10]. 
In this case the furnace dimensions are fixed and the solution, at 
first glance, would seem to involve trial and error. However, by 
choosing exit flue-gas temperatures, as in the calculation de- 
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PROCESS 
scribed previously, interrelationships between the furnace ca- 
pacity, efficiency, and any of the operating variables such as the 
air preheat temperature, the heating value of the fuel, and the 
billet length may be obtained, 


CompLere ‘Test ON A SINGLE FURNACE 
The character of the correlation of reheating-furnace data ob- 
tained by the use of Equation [10] suggests that a similar treat- 
ment of other types of furnaces might not be without merit. On 


the other hand, Equation {10] is open to the objection common to 
all equations having an empirieal or semiempirical basis, namely, 


FLUE STATION 


TION 


3 STATION’ WATER COOLED 
FREE HEIGHT=1.6 Ft. 


3 SKID 
FREE HEIGHT =4.6 Ft 


WIOTH OF FURNACE =17 FT 


Fic. 4 DtaGramMaric SKETCH OF FURNACE TESTED 

that the use of such equations is not safe for conditions which are 
very different from those for which they were derived. In gen- 
eral, that treatment is to be preferred which depends on a more 
or less precise description of the actual mechanisms of heat trans- 
fer involved, provided the underlying theory has been well sub- 
stantiated and that the final equations are not too complex for 
practical use. 

The test described here was undertaken to obtain data both 
to be used in further correlation by means of Equation {10] and 
to find the extent of the agreement between the observed heat 
flow and that as predicted by the treatment outlined in Equa- 
tions [2 

The furnace which was tested, a sketch of which appears in 
Fig. 4, was a continuous billet-reheating furnace. Test data 
were taken continuously over a period of 22 hours so that calcu- 
lations on both average and steady operating conditions could be 


TABLE 4 TEST DATA 
Fuel gas 

123,400 cu ft per hour (60 F, 30 in., dry) 

0.03 cu ft of water vapor per cu ft of dry gas 

Temperature, 110 F 

Analysis (dry), percentages: 

34.6 He, 26.7 No 

Lower heating value 312.4 Btu per cu ft (dry) 

Cheoretical flame temperature (as fired), 3100 F 
Air 

Cemperature, 580 F 

Humidity, 0.023 cu ft per cu ft of dry air 
Bi lets 

54,500 Ib per hour 

3?/sin. X 37/sin. X 9 ft 

E ntering temperature, 80 F 

I eaving temperature, 2110 F 

2.5 per cent of steel forms mill scale 
Flue gas 

Temperature, 1950 F 

Analysis (dry), percentages, 9.1 COs, 
Losses 

External, 2,000,000 Btu per hour 

Skids, 1,700,000 Btu per hour 

Chill plate, 300,000 Btu per hour 


6.3 COs, 1.6 C2Ha, 0.9 Os, 13.6 CO, 16.5 CHa, 


6.0 Os, 84.9 N 


made. The data presented in Table 4 were taken during the 
latter portion of a 4-hour period of steady operation. 

The overall heat balance for the period of steady operation is 
presented in Table 5. Attention is called to the small magnitude 
of the unaccounted-for item. 

According to the method given in Table 2, pe’ = 0.198, pg = 
0.165, and pp’/pg = 1.20 for steady operation (a = 1.0). 


INDUS 


STRIES 
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TABLE 5 HEAT BALANCE AROUND FURNACE EXCLUSIVE OF 
AIR PREHEATER 
10° Btu Per 
per hr cent 
Input 
in as heat of combustion 38.60 80.96 
Sensible heat in wet fuel gas : 0.12 0.25 
Sensible heat in wet air 5.28 11.10 
Mill-scale formation® 3.66 7.69 
Total 47 66 100.00 
Output 
Heat out with billets..... 18.00 37.79 
Sensible heat in flue gas.. 25.29 53.03 
Total losses (measured). . ; 4.00 8.40 
Unaccounted for. ; 0.37 0.78 
Total..... 47.66 100.00 
Nore: Data based on the lower heating value of fuel; 60 F for sensible- 


heat contents of gases; entering billet temperature for heat content of billets 
Efficiency of furnace and air preheater based on lower heating value of 

the fuel (no allowance for mill-scale formation) = 46.6 per cent. 

e — of combustion of mill scale at 2100 F = 2690 Btu per lb of iron 

yurnec 


TABLE 6 INDIVIDU Al HEAT BALANCES ON THREE SECTIONS 
OF THE 
Section 3 
Section 1 Section 2 between 
between between station 
stations stations 3 and Total 
1 and 2 2and3 burners’ furnace 
Net heat given up by flue gas... 5.31 4.21 9.19 18.71 
Heat release due to mill-scale forma- 
tion 0 66 1.00 2.00 3.66 
Net heat received due to radiant-heat 
interchange with adjoining sections 1.30 0.10 1.40 0.00 
Net heat available for billets and 
losses 7.27 §.31 9.79 22.37 
Net heat absorbed by billets 7Z.3 5.70 5 00 18.00 
Losses, measured... ., 0.43 0.64 2.93 4.00 
Unaccounted-for item in overall heat 
balance pro-rated according to 
losses 0 04 0.06 0.27 0.37 
Heat absorbed, billets + losses me ie 6.40 8.20 22.37 


@ All values given in 10° Btu per hr 


i 
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Fig. 5 Gas ano Steet TEMPERATURES IN A BILLET-REHEATING 


FURNACE 


Average operation over the entire test period of 22 hours gave 
the following data: Efficiency of furnace and air preheater = 41.5 
per cent (based on lower heating value); exit flue-gas tempera- 
ture = 1990 F; heat to billets = 15,300,000 Btu per hr (a = 
0.85). There were no significant differences in the other data as 
compared to the steady period previously mentioned. The 
method of Table 2 gives pp’ = 0.162, pg = 0.163, and pp’/pg = 
1.0 for a = 0.85. 


In order to obtain data to be used in a comparison of the ob- 
served heat flow with that as predicted from the treatment out- 
lined in Equations [2], [3], and [4], measurements of gas and billet 
temperatures at two intermediate points (stations 2 
made during the 


and 3) were 
same steady period previously mentioned. 
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The results are presented in Fig. 5 as “observed gas tempera- 
ture’ and “observed billet temperature (upper surface).” 
The curves labeled “calculated billet temperature (lower sur- 
face)’ and “calculated average billet temperature” were com- 
puted by a newly developed method based on unpublished data of 
the authors on the thermal diffusivity of steel. Sectional heat 
balances corresponding to conditions as represented in Fig. 5 
are presented in Table 6. Inasmuch as the gas temperatures 
measured at stations 2 and 3 were somewhat beyond the range in 
which thermocouples yield reliable results, it is felt that failures 
of the sectional heat balances to balance were largely caused by 
inaccuracies in the measurement of these temperatures. As a 


TABLE 7 RECALCULATED SECTIONAL HEAT BALANCES 
Net heat given 
2 by flue gas, Observed gas Calculated 
Section 10* Btu per 14 Station temp, F gas temp, F 
1 5.81 1 1950 1950 
2 5.30 2 2300 2340 
3 7.60 3 2580 2700 


TABLE 8 CALCULATED AND OBSERVED HEAT FLOW 


Calculated: 
Radiation Observed 
o(TF*— emissivity,e from Convec- heat transfer 
Section Tc*)avg pF gas> tione Total from gas 
1 70000 0.194 4.55 1.25 5.80 5.81 
2 98100 0.139 4.40 0.72 5.12 5.30 
3 128700d 0.184 6.74 1.10 7.84 7.60 
Norte: The value of (T7F‘ — Tc*) differs so little at the two ends of any 


section that almost any method of averaging becomes satisfactory and equal 
to the arithmetic av or" 

@In this case pF = pG because the flame is nonluminous. 
method of evaluating rio to the appendix. 

> Calculated from Equation [4]. 

© Includes convection to both steel and refractory. Convection coefficient 
is assumed constant and equal to 2.0. The temperature difference between 
the gas and the refractory is assumed to be 100 F less than the temperature 
difference between the gas and the steel. Large errors in these assumptions 
are unimportant. The convection item in section 3 includes the heat to a 
water-cooled chill-plate in the front furnace wall. 
‘ @ Based on an assumed gas temperature of 2900 F at the hot end of the 
urnace. 


For the 


consequence, the change in billet temperature was accepted as 
being correct, and the necessary gas temperature to produce a 
heat balance in each section was determined. Results on the 
new basis are presented in Table 7 and Fig. 5, as “calculated 
gas temperature.” The differences between the calculated and 
observed gas temperatures are not at all unreasonable, and are 
in the expected direction. Consequently, in the comparison of 
the calculated with the observed heat flow, the recalculated 
heat balances were used. The results of such a comparison are 
presented in Table 8. 

An inspection of Table 8 indicates that nonluminous gas radia- 
tion accounts for approximately 80 per cent of the total heat 
transfer. A comparison between calculated and observed heat 
flow in this case may then be considered to constitute a test of the 
basic gas radiation charts. The agreement between calculated 
and observed heat flow is excellent in sections 1 and 2. In sec- 
tion 3, the agreement depends on the temperature of the flame 
near the burners, a quantity not measured nor calculable. The 
assumed value, 200 F lower than the theoretical flame tempera- 
ture, is entirely reasonable and leads to a calculated heat flow 
in good agreement with the measured value. The agreement in 
this section, however, may be taken as no more than a corrobora- 
tion of the guess as to the actual flame temperature. 

The method of treatment just considered could undoubtedly 
be used in predicting the performance of a reheating furnace by 
breaking it up into small sections, but the operation is laborious. 
The method, however, has a decided advantage over the use of 
Equation [10] in that it can be used with greater confidence on a 
furnace of unconventional type, and it is not restricted to steel- 
reheating furnaces. 
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Appendix 


METHODS OF MEASUREMENT 


Flows. The fuel, a mixture of coke-oven and blast-furnace 
gases, was measured by two orifice-type recording meters. One 
of these was calibrated by a detailed pitot-tube traverse of the 
gas main; the other by the dilution method. The steel through- 
put was obtained both by counting each billet as it left the fur- 
nace and, as a check, from plant data. 

Gas Sampling and Analysis. Cumulative fuel-gas samples 
representing 2-hour periods were taken from the gas line at the 
burners and analyzed by standard methods of absorption and 
combustion. 

Cumulative, half-hourly flue-gas samples were taken through « 
water-cooled iron sampling tube and analyzed by standard 
methods. In order to minimize the effect of air infiltration 
through the charging door, the sampling tube was inserted into 
the furnace at a point just upstream from the flue-gas outlet 
(station 1). Inasmuch as the furnace was enclosed in a steel 
shell and the doors were kept tightly closed, it is believed that air 
infiltration at other points was negligible. 

Temperatures. The preheated-air temperature was measured 
with a high-velocity chromel-alumel thermocouple installed in the 
air line at the burners. The flue-gas temperature was measured 
in a similar manner, the thermocouple being installed at the 
point of sampling. Both of these thermocouples were attached 
to a recording pyrometer. 

Exit billet temperatures were observed with an optical pyrome- 
ter just as the billets were discharged from the furnace. Read- 
ings were taken very rapidly on a surface freshly freed from scale. 

Gas temperatures at stations 2 and 3 were measured with high- 
velocity thermocouples. Because of the high temperatures en- 
countered, the life of these thermocouples was very short and 
consequently measurements were made only after the furnace had 
been operating steadily for some time. Preliminary studies of 
vertical and horizontal variations in gas temperature indicated 
the proper place to obtain a representative temperature. 

Measurements of the temperature of the upper surface of the 
billets were made with a thermocouple especially constructed for 
this purpose. Flattened chromel and alumel wires were ex- 
tended along the surface of a refractory brick for about 2 in. 
on either side of their junction and then brought up through the 
brick. The brick was then mounted on an iron pipe through 
which the wires were carried. In measuring a billet tempera- 
ture, the instrument was inserted through one of the side doors 
and the flattened thermocouple pressed against the billet sur- 
face and held there for a few moments. The thermocouple was 
then moved to an adjacent portion of the surface and again 
pressed against it. The final temperature was taken when adja- 
cent areas showed no change in reading. 


EVALUATION OF Py 


Radiation charts for carbon dioxide and water vapor are avail- 
able in recent literature (5). In these charts the emission of 
radiation is expressed as a function of the temperature and a 
product PL, where P is the partial pressure of the radiating con- 
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stituent in atmospheres, and L is the mean length, in feet, of the 
radiant beams through the gas mass in question. The quantity 
L depends on both the size and the shape of the gas mass; for 
reheating furnaces it may be taken as equal to 1.6 times the mean 
free height above the billets. 

The evaluation of p¢ from these charts (5) is best illustrated by 
an example, the data for which is taken from the example given 
earlier in the paper under the heading “Design Calculations.” 
Since the analysis of the flue gas gives 9 per cent CO, and 20 per 
cent H,0, Pco: = 0.09 and Px,o = 0.20. Also L = 2 XK 1.6 = 
3.2. The arithmetic average of theoretical flame temperature 
and stack-gas temperature = (3500 + 1750)/2 = 2625 F. The 
average billet temperature = (2200 + 80)/2 = 1140 F. 

From the charts (5), with PL = 0.09 XK 3.2 = 0.288, the radia- 
tion from CO, at 2625 F = 11,800 Btu per sq ft per hr. 

From the charts (5), with PL = 0.20 X 3.2 = 0.64, the radia- 
tion from H,O at 2625 F = 20,700 Btu per sq ft per hr. 

Radiation from a black body at 2625 F = 156,000 Btu per sq 
{t per hr. The absorption by the gas of back radiation from the 
surface is read from the same charts (5) at the temperature of the 


surface. When PL = 0.288, the absorption by CO, of radiation 
from a surface at 1140 F = 1200 Btu per sq ft per hr. The 
corresponding absorption by H.O, with PL = 0.64, = 2700 


Btu per sq ft per hr. Radiation from a black body at 1140 F = 
11,300 Btu per sq ft per hr. The correction factor for superim- 


posed radiation of CO, and H.0 = 5.4 per cent. Since 
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(radiation from CO, + radiation from H,0) — : 
(radiation by black body at temperature of gas) 


Pe 


(absorption by H,O + absorption by CO,) _ 
(radiation by black body at temperature of surface) 


(1 — correction factor) 


(11,800 + 20,700) — (1200 + 2700 
156,000 —- 11,300 
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‘Temperatures in an 


Internal-Combustion Engine 


By A. E. HERSHEY,' URBANA, ILL. 


The author summarizes the various methods used in 
determining gas temperatures in an internal-combustion 
engine, giving complete references to the various papers 
and reports published on the subject. The purpose of this 
discussion is to consider the various methods of determin- 
ing gas temperatures in an engine during the combustion 
and expansion periods and to evaluate critically results 
of such determinations. 


THE SIGNIFICANCE OF GAS ‘TEMPERATURES IN AN ENGINE 


KNOWLEDGE of the instantaneous gas temperatures 
which exist in the cylinder of an internal-combustion 
engine is of importance in understanding the process of 
combustion occurring in the engine, in establishing more rational 
criteria of engine efficiency, and in supplying information relative 
to engine design. The determination of these temperatures 
presents no particular difficulty so long as attention is confined 
to those portions of the cycle during which no chemical reaction 
oceurs. Thus, during charging, compression, and the later portion 
of expansion and exhaust, the temperatures may be calculated 
from the instantaneous pressures and volumes with satisfactory 
Such 
caleulations do involve the measurement of either the gas com- 


accuracy by means of the equation of state for an ideal gas. 


position or the temperature at one particular point; but, since 
this point may be selected at random, one may be chosen at 
which the temperature is relatively low and changing at a moder- 
ate rate. Under these conditions the measurement of tempera- 
ture by means of a resistance thermometer or thermocouple is 
reasonably satisfactory. However, during those portions of the 
cycle where chemical reactions occur, the gaseous composition 
and the temperature are both changing, and to determine the 
state of the working medium at all points it is necessary to meas- 
ure instantaneous values of temperature or composition, or else 
to supplement the equation of state with chemical equilibrium 
equations. 

The temperatures for those portions of the cyele where no 
chemieal change occurs differ in another important respect from 
the values found during the portion of the cycle where combustion 
occurs. In the first case, the changes take place slowly enough 
and in such a manner that practically the entire gaseous mass 
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Certainly there is no ambiguity 
as to the meaning of temperature, and temperature gradients are 
negligible. Conversely, during the intense chemical activity 
of combustion, changes are occurring so rapidly that insufficient 
time is available for the attainment of complete thermal equilib- 
rium, and in fact under these conditions the usual conception 
of temperature is entirely inadequate. The purpose of this dis- 
cussion is to consider the various methods of determining gas 
temperatures in an engine during the combustion and expansion 
periods and to evaluate critically the results of such determina- 
tions. 


remains in thermal equilibrium. 


MeruHOoDs OF TEMPERATURE DETERMINATION 


Three general methods of temperature determination are avail- 
able for use during the combustion and expansion portions of the 
cycle. These are: (1) The temperatures may be calculated from 
thermochemical data, using the energy equation with suitable 
corrections for dissociation and heat loss; (2) if instantaneous 
values for the pressure, volume, and gas composition can be meas- 
ured, then corresponding temperatures may be calculated from 
the equation of state; (3) the temperature may be measured 
directly. 

The first method has been used extensively in caleulating tem- 
peratures in stationary flames and during combustion in closed 
vessels, as well as for combustion in an engine. For details of 
the method and the resulting temperatures in the case of the 
latter, reference may be had to any one of a number of publica- 
tions (1, 2, 3, 4, 5).2 It should be noted, however, that certain 
simplifying assumptions must be made with regard to the con- 
ditions existing in the engine; and that these assumptions, to- 
gether with the inaccuracy of the thermochemical data, affect 
the final results. 

The second method has been used in the determination of 
temperatures in a stationary flame (6), but apparently no at- 
tempt has been made to apply it to the measurement of tem- 
peratures in an engine. The composition of the gaseous mixture 
in an engine has been measured at intervals during combustion 
by means of a sampling valve (7, 8). However, the object of 
these investigations was to study the progress of the reaction zone 
as indicated by the decrease in the amount of O2 present and hence 
no attempt was made to obtain results which could be used for 
temperature calculations. The determination of the composition 
of the gases in this manner presents some experimental diffi- 
culties and there is also some question as to the validity of the 
results thus obtained, but the calculation of temperature from 
such results is a simple matter. 

The direct measurement of the temperature is certainly the 
simplest method and would be the most satisfactory were it not 
for the experimental, difficulties which are encountered. The 
first of these difficulties is to devise a temperature-measuring 
element which can follow the rapidly changing temperatures with- 
out excessive lag and at the same time withstand the high tem- 
perature and shock of combustion. In this respect all attempts 
to use thermocouples or resistance thermometers have been un- 
successful in measuring the temperatures during and immediately 


2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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following combustion. ‘Temperatures during these portions of 
the cycle have usually been obtained by calculation from tem- 
peratures measured during compression or expansion, when the 
rate of temperature change was sufficiently small to avoid undue 
error because of the lag of the measuring element. Such a pro- 
cedure is, strictly, not direct measurement of temperature and 
actually involves most of the assumptions which are necessary 
for calculations from thermochemical data. However, it is 
desirable to consider briefly some of the investigations in which 
thermocouples or resistance thermometers were used. 

One of the earliest attempts at the direct measurement. of 
gas temperatures in an engine is that of Burstall (9) who used 
small resistance thermometers of platinum wire 0.002 to 0.003 
in. in diameter. The resistance of the thermometer was measured 
in the usual way by means of a Wheatstone bridge, the galvanome- 
ter circuit being closed once each cycle by a mercury switch 
operated from the camshaft of the engine. The measurements 
were made on a gas engine operating at 120 rpm; but even at 
this low speed, it was necessary to reduce the load so that only 
12 to 14 charges were fired a minute, in order to prevent failure 
of the thermometer before a test was completed. Callender and 
Dalby (10) sought to avoid this difficulty of the rapid deteriora- 
tion or destruction of the thermometer by enclosing theirs inside 
the hollow stem of a small valve which passed through the stem 
and head of the engine inlet valve. Slots in the side of the 
thermometer valve stem allowed the gases to come in contact 
with the thermometer wire when the valve was open, but keep- 
ing the valve closed during combustion shielded the wire from 
high temperature and shock. With this arrangement they were 
able to reduce the diameter of the thermometer wire to 0.001 in. 
The lag of the thermometer was estimated by comparing the 
measured temperatures with those calculated from pressures and 
volumes found from indicator cards taken while the engine was 
motored at 100 rpm. These results indicated that as long as the 
thermometer valve was at approximately the same temperature 
as the gases, the measured and calculated temperatures agreed 
within a few degrees; but, at the end of compression, the meas- 
ured values were too low by about 35 F. From temperature 
measurements made during compression, the maximum combus- 
tion temperatures were calculated, using pressures and volumes 
obtained from indicator cards. The results obtained by Hop- 
kinson (11), with a resistance thermometer, are of interest chiefly 
because he attempted to correct for the lag of the thermometer 
in following the changing temperature of the gases in an engine. 
This was done by taking two series of measurements, the first 
with the thermometer heated only by the gases and the second 
with it maintained at higher temperatures by means of a constant 
heating current of 0.75amp. From these results it was concluded 
that the measured temperatures were lower than the true gas 
temperatures by only 18 F at the beginning of compression, but 
at the end of compression this difference had increased to 180 F. 
However, these measurements were all made with the engine not 
firing, but being motored at 180 rpm, and no attempt was made 
to estimate combustion or expansion temperatures. 
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In connection with an investigation to determine the surface 
temperatures in different parts of the combustion chamber, 
Coker and Scoble (12) also measured the temperature of the 
gases in the chamber by means of thermocouples 0.0005 to 
0.0008 in. in thickness made from platinum rhodium and plati- 
num iridium. The electromotive force of the thermocouple 
was measured with a potentiometer, the circuit of which was 
closed once during each engine cycle. ©The maximum combustion 
temperatures were not measured directly, but were calculated 
from pressures and volumes found from indicator cards and 
temperature measurements near the end of expansion. An 
attempt was made to determine the temperature gradients in 
the gases by measuring the temperature in the center and close 
to the wall of the combustion chamber. A heavy thermocouple 
protected by a fire-clay tube was used for these measurements, 
so that they were of no particular significance because of exces- 
sive lag. 

David and Davies (13) have made continuous measurements of 
the gas temperature during combustion and expansion. Their 
resistance thermometer was a platinum wire 0.001 in. in diameter 
mounted on heavy terminals which supported it in the center of 
the combustion chamber. Temperatures were recorded on « 
moving film by means of a string galvanometer having a period 
of 0.02 sec. The lag, determined by comparing measured and 
calculated temperatures, was found to be small for rising tem- 
peratures but excessive for falling temperatures, amounting to 
as much as 900 F during expansion. This would indicate that 
heat conduction from the heavy terminals affected the results 
to a considerable extent. 

In Table 1 the maximum combustion temperatures found by 
various investigators have been collected, the method of measure- 
ment used and some indication of the engine operating conditions 
being also included in the table. These results indicate that 
resistance thermometers and thermocouples are unsatisfactory 
for the direct measurement of temperatures during combustion 
and expansion in an engine, even at speeds as low as 200 rpm. 
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Preliminary to further investigation, a consideration of the 
various methods which have been used in measuring the tempera- 
ture of stationary flames (14), indicated that the ones which 
might be applicable to the measurement of gas temperatures in 
an engine were the following: (1) Determination of tempera 
tures from conductivity measurements of the ionization of « 
metallic vapor in the flame, (2) the calculation of temperatures 
from radiation emission and absorption measurements, and 
(3) the measurement of temperatures by spectral-line reversal. 
Of these, the last two were selected as being the more suitable, 
and a series of temperature determinations was made with each. 

(a) Radiation Measurements. Temperatures of a stationary 
flame calculated from radiation measurements were first reported 
by Schmidt (15). He obtained the emission and absorption 
spectra of a Bunsen flame in the region between 1.2u and 5.8x, 
using an infrared spectrometer with a radiomicrometer. For 


TABLE 1 SUMMARY OF MEASUREMENTS OF MAXIMUM OR SION TEMPERATURES IN ENGINES OPERATING ON GAS AND 


Measuring _ Method used to Operating Temperature 
Observer element determine maximum temperature conditions deg F abs 
Burstall Resistance thermometer Direct measurement Gas engine at 120 rpm 2740 
Callender and Dalby Resistance thermometer Calculated from temperature measured during compres- 
sion Gas engine at 130 rpm 5000 
Coker and Scoble Thermocouple Calculated from temperature during expansion Gas engine at 240 rpm 4550 
David and Davies Resistance thermometer Direct measurement Gas engine at 230 rpm 3730 


Hershey Gases in engine 
Hershey and Paton Sodium atoms 
Watts and Lloyd-Evans Sodium atoms 
Rassweiler and Withrow Sodium atoms 


Direct measurement 
Direct measurement 
Direct measurement 


Rassweiler and Withrow Sodium atoms Direct measurement 


Calculated from radiation measurements 


Gasoline engine at 1200 rpm 5100 
Gasoline engine at 1200 rpm 4450 
Gasoline engine at 1000 rpm 4435 
Gasoline engine at 800 rpm 
(non-knocking) 4800 
Gasoline engine at 800 rpm 
(knocking) 5050 
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the bands at 2.74 and 4.44 he found that Kirchhoff’s law held 
quantitatively as well as qualitatively. Therefore, he was able 
to calculate the flame temperature from the emissive power and 
absorption measured at these two wave lengths using Planck’s 
equation. As the result of these calculations he found a tem- 
perature of 3495 F abs, which is in fair agreement with the value 
3445 F abs which he obtained by means of an optical pyrometer 
and an electrically heated wire for the same flame. 

The determination of the temperature of the gases inside an 
engine cylinder from radiation measurements necessitates some 
modification of the. method just described. Windows in the 
wall of the combustion chamber allow radiation from within 
to reach the measuring apparatus and if these windows are of 
quartz’ the wave-length region is restricted to that between 
0.3u and 4.04. Measurements at a definite point in the cycle 
are obtained by means of a stroboscopic shutter which uncovers 
the window in the cylinder for a short interval at the same 
point in successive cycles. The energy to be measured is re- 
duced in proportion to the decrease in shutter opening and, with 
an opening equivalent to a few degrees of crank travel, becomes 
so small that only total radiation measurements have significance. 
Temperatures must, therefore, be calculated from the Stefan- 
Boltzmann equation instead of Planck’s equation. 

Using this method, temperatures have been calculated from 
radiation measurements made on a small single-cylinder engine 
operating with a compression ratio of 3.86 to 1 and with air-fuel 
ratios from 10 to 1 to 17.5 to 1 (17). Fig. 1 is a diagram of the 
engine and radiation-measuring apparatus. Quartz windows 
were placed in the cylinder wall on opposite sides so that radia- 
tion from a ribbon-filament lamp could pass through the gases 
in the cylinder to the radiation receiver. This receiver was a 
Coblentz linear thermopile and a stroboscopic shutter was ar- 
ranged to expose it to radiation from the engine cylinder for about 
3 deg of crank travel out of each cycle. A sliding shutter between 
the lamp and cylinder permitted the measurement of the radia- 
tion from the gases alone, or of the radiation from the lamp and 
gases together. By motoring the engine with the ignition cut 
off the lamp radiation alone was measured. From these measure- 
ments the instantaneous values of the emissive power and absorp- 
tion of the gases in the engine cylinder could be determined. The 
thermopile was calibrated as a radiation pyrometer, using a large 
tungsten ribbon-filament lamp which had been calibrated at the 
Nela Park Laboratory of the General Electric Company, and 
correcting for the imperfections of tungsten as a radiator and 
for the absorption of the quartz windows and lens of the optical 


* Marvin, Caldwell, and Steele (16) have measured total radiation, 
and by means of filters estimated the spectral distribution, using a 
fluorite window in the top of the cylinder. No absorption measure- 


ments were made, hence temperatures cannot be determined from 
their results. 
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Fig. 2. True TEMPERATURES PLOTTED From VALUES CALCULATED 
From THE RADIATION TEMPERATURE AND ABSORPTION MEASURE- 
MENT 


system. With this calibration, the radiation temperature of the 
gases could be found from a measurement of their emissive power, 
and the true temperature calculated from the radiation tem- 
perature and the absorption measurement. The curves in Fig. 2 
are typical of those found by this procedure, being plotted from 
results for an air-fuel ratio of 14.1 to 1. In Fig. 3 the maximum 
temperatures during combustion are shown plotted against the 
corresponding air-fuel ratios and, for the purpose of comparison, 
in this same figure the calculated temperatures found by Good- 
enough and Baker (3) are also plotted. The agreement between 
their results and the temperatures calculated from radiation 
measurements is not very satisfactory except for a narrow range 
of air-fuel ratios near 13 to 1. The highest temperature found 


from radiation measurements was 5088 F abs for an air-fuel ratio 
of 12.44 to 1. 


This value is only 130 F above the temperature 
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found by Goodenough and Baker for the same air-fuel ratio. 
However, for ratios less than 12 to 1 or greater than 14 to 1, 
the measured temperatures decrease much more than their eal- 
culated temperatures until at the two combustion limits, the 
former are more than 1000 F lower than the latter. 

(6) Spectral-Line-Reversal Measurements. The spectral-line- 
reversal method of temperature measurement was first used by 
Kurlbaum (18) in determining the temperature of a stationary 
flame. Since this work was reported, numerous other investi- 
gators have used the method, and its limitations and precision 
have been established by such investigations as those of Kohn 
(19) and Griffiths and Awbery (20). Briefly, the method con- 
sists of heating a suitable metallic vapor in the flame and com- 
paring the intensity of its radiation with that of the pure tem- 
perature radiation from some such source as a heated solid 


radiator. The continuous radiation from this source is passed 
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through the flame and then focused on the slit of a spectroscope 
along with the radiation from the metallic vapor. When super- 
imposed upon the continuous spectrum of the solid radiator, the 
line spectrum of the vapor appears either bright or dark, depend- 
ing upon the relative intensities of the spectra. The line spectrum 
may be made to disappear completely by varying the temperature 
of the solid radiator and hence the intensity of its continuous 
spectrum. The temperature of the vapor is then the same as the 
brightness temperature of the solid radiator for the wave length 
at which the comparison is made, and this temperature can be 
measured directly by means of an optical pyrometer. 

Results obtained by applying the line-reversal method to 
the measurement of gas temperatures in an engine have been 
reported recently by several investigators (21, 22, 23). In such 
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Fic. 4 DraGram oF SpectrRAt-LINE-REVERSAL APPARATUS FOR MEASURING TEMPERATURES 


applications no essential modifications of the line-reversal method 
are necessary. Windows on opposite sides of the combustion 
chamber must be provided to allow the continuous radiation 
from the solid radiator to pass through the gases in the cylinder 
and the metallic atoms in the form of a salt must be mixed with 
either the fuel or air supplied. A stroboscopic shutter must be 
arranged to permit comparison during short intervals in succes- 
sive cycles in order to determine the instantaneous temperature 
values. 

The engine used for the radiation measurements (17) was 
readily adapted for line-reversal measurements since it already 
had windows on opposite sides of the combustion chamber and 
was equipped with a stroboscopic shutter. Sodium vapor was 
used and a solution of NaOH was aspirated into the inlet mani- 
fold. Fig. 4 is a diagram of the optical system which was prac- 
tically the same as that used for the radiation measurements, the 
spectroscope merely replacing the thermopile. Since it) was 
inconvenient to measure the brightness temperature of the lamp 
radiation when line reversal had been obtained, the lamp current 
was measured instead, and a calibration curve of the brightness 
temperature for different currents was found at the end of each 
test. In doing this, all parts of the optical system through which 
the radiation from the sodium had to pass were removed and the 
brightness temperature of the lamp radiation inside the engine 
cylinder was measured. The detailed results of the investiga- 
tion using this apparatus and procedure have been reported (21) 
so that it is only necessary to summarize them for the purpose of 
comparison with the results from the radiation measurements 
The curves in Fig. 5 show some typical results for air-fuel ratios 
from 9.46 to 1, to 20.32 to 1. In Fig. 3 the maximum tempera- 
tures found during combustion have been plotted against the 
corresponding air-fuel ratios. The general shape of the curve 
representing these results is the same as the curve for the cal- 
culated values of Goodenough and Baker, but lies from 600 to 
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1000 F below their curve. 
was 4500 F abs with an air-fuel ratio of 14.18 to 1. 


The highest temperature measured 


COMPARISON OF METHODS AND RESULTS 


The first difficulty encountered in any discussion of the tem- 
perature of gases during combustion is the very fundamental! 
one of defining temperature under such conditions. The tempera- 
ture of a stationary flame as defined by Thorpe (24) is under- 
stood generally to be the “temperature of a thermometrie instru- 
ment wholly immersed in the region of combustion.” But this 
assumes that the presence of the thermometric instrument 
does not change conditions existing in the flame, or that correc- 
tions can be made for any unavoidable changes. When resist- 
ance thermometers or thermocouples are used, it is necessary, 


‘ 
ge 
= 
“ 
3 
% 


PROCESS INDUSTRIES PRO-58-2 199 


therefore, to heat them electrically to compensate for the cooling 
of the flame due to heat conduction; or else to use wire of dif- 
ferent sizes and, by plotting the observations with several wires 
against the corresponding wire size, extrapolate to determine the 
result with an infinitely small wire. Kohn (19) has shown from 
her measurements of stationary-flame temperature with elec- 
trically heated wires and by spectral-line reversal, that even when 
the wire is heated sufficiently to compensate for heat loss, con- 
ditions in the flame are distorted due to the wire disturbing the 
flow of the gases. Because of this difficulty in correcting for the 
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effect of the measuring element, as well as because of the greater 
inconvenience, the use of thermocouples and resistance ther- 
mometers hasbeen superseded by the spectral-line-reversal method 
in nearly all recent investigations of stationary-flame temperature. 

All of the foregoing considerations apply with equal force to 
the measurement of gas temperatures in an engine during combus- 
tion and expansion. In addition, there is another complication 
caused by the lag of the measuring element in following the rapid 
temperature changes; and finally, the temperatures which exist 
throughout the combustion chamber must be inferred from meas- 
urements which are characteristic of only a limited region near 
the element. Collectively, these difficulties make it impossible 
to use thermocouples or resistance thermometers in measuring 
gas temperatures in an engine, operating at any speed much 
greater than 200 rpm. 

Under such conditions as these, the radiation method of 


temperature measurement possesses several distinct advantages. 
The measuring element is the gas itself, and thus, errors due to 
the lag of the element and to its distortion of the surrounding 
conditions are avoided. The measurements are characteristic 
of a relatively large region and may be correctly regarded as 
average or effective values. However, the calculation of tem- 
peratures from radiation measurements involves an assumption 
of questionable validity, namely, that the radiation is the result 
of purely thermal excitation and that luminescence has no effect. 
While the results Schmidt obtained (15) indicate that this con- 
dition may be reasonably well satisfied in the case of the bands 
at 2.74, and 4.4u emitted by a Bunsen flame; however, for other 
portions of the spectral region it is not even approximately 
true and, therefore, the calculation of temperatures from total 
radiation measurements in the region between 0.3y and 4.0u is a 
questionable procedure. By means of spectroscopic investiga- 
tions, Withrow and Rassweiler (25, 26) have established the 
similarity between the radiation emitted by the gases in the inner 
cone of a Bunsen flame and that emitted by the flame front in an 
engine. ‘They have also established a like similarity between 
the emission from the gases in the outer cone of the flame and 
that from the afterglow in the engine gases. These conclusions 
are based on a comparison of the visible and ultraviolet regions 
of the spectrum, but they nevertheless indicate quite definitely 
that these same molecules are the radiators in both the flame and 
engine gases. If this similarity also exists in the infrared 
emission from the two sources, then with the quartz-optical sys- 
tem used for the engine radiation-temperature measurements, 
the principal source of radiant energy must have been the H,O 
and CO, bands at 2.7x. 

This would appear to furnish a reasonable explanation of the 
results for the radiation-temperature measurements shown in 
Fig. 3. For Buchwald (27) has determined the temperature of 
a Bunsen flame from radiation measurements at 2.74 and 4.35z, 
using as many as 32 burners in an attempt to obtain saturated 
radiation at these two regions. The attempt was successful in 
the case of the region of 4.35u, for the emission from 32 burners 
was no greater than that from 24. However, for the region of 
2.74 this was not the case, and calculations from absorption meas- 
urements indicated that some 150 burners would have been neces- 
sary to give saturated radiation. The temperature which 
Buchwald found from radiation measurements at the shorter 
wave length was approximately 160 F below that found from 
measurements in the other region. Low values for the tempera- 
tures of the gases in the engine would, therefore, be anticipated, 
since these were calculated from measurements of radiation which 
apparently consisted almost exclusively of that in the region of 
2.7u. An inspection of the curve in Fig. 4 shows this to be the 
ease with rich and lean air-fuel ratios. The very high tempera- 
tures found for air-fuel ratios between 12 to 1 and 15 to 1 may 
be the result of luminescence, for Withrow and Rassweiler (25) 
have found evidence of continuous radiation in the visible region 
which apparently was not caused by thermal excitation. Since 
the flame velocity is a maximum for air-fuel ratios near the theo- 
retical, the chemical activity and hence luminescence should 
also be greatest for these same ratios. Thus, it may be that 
luminescence effects, which are negligible with rich and lean 
mixtures, become more pronounced as the chemical activity 
increases resulting in radiation temperatures near the theoretical 
air-fuel ratio which are too high. 

The conclusion is obvious that the radiation method of tempera- 
ture measurement is unsuitable unless monochromatic measure- 
ments of the emissive power and absorption can be made. The 
line-reversal method makes just such measurements possible, 
because the object of introducing the metallic vapor into the flame 
is to make it an intense emitter and absorber of monochromatic 
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radiation in the visible region of the spectrum. The small size 
and dispersion of the measuring elements are other inherent 
advantages of the method. Its application, however, depends 
upon several assumptions. These assumptions are that the 
radiating atoms are in thermal equilibrium with the gases of the 
flame, that their excitation is purely thermal, and that introduc- 
ing the atoms into the flame does not change conditions in the 
flame. The validity of these assumptions has been tested by 
investigations such as those of Kohn (19), Griffiths and Awbery 
(20), and Loomis and Perrott (14). They have determined the 
temperature of stationary flames by means of the line-reversal 
method and, at the same time, by means of optical-pyrometer 
measurements of the temperature of a platinum wire placed in 
the flame and heated electrically to prevent convection loss 
from the gases of the flame. The results obtained by these 
two methods have been found to be in satisfactory agreement, 
those reported by Griffiths and Awbery differing by only 5 to 
11 deg F. 

In spite of this evidence of the reliability and precision of the 
line-reversal method of temperature measurement, it has been 
recently criticized by David (29) and also by Minkowski, Miller, 
and Weber-Schafer (30). David, on the basis of his measure- 
ments of the gas temperatures during combustion in a closed ves- 
sel, concludes that temperatures obtained by the line-reversal 
method are too high because of excitation due to luminescence. 
For his own measurements he used an unheated platinum ther- 
mometer, and assumed that the cooling of the gases due to heat 
transfer would be negligible and partly compensated for by the in- 
creased chemical activity due to the catalytic effect of the 
platinum. The temperatures from line-reversal measurements 
with which he compares his results are those found by other in- 
vestigators working with stationary flames. Kohn (19) has 
already shown that the presence of even a heated wire 0.017 in. 
in diameter may lower the temperature of a flame by as much as 
90 F, consequently measurements made with an unheated wire 
would probably result in larger errors. Furthermore, as Lewis 
and von Elbe (31) have pointed out, the factors affecting com- 
bustion temperatures are so numerous and difficult to control 
that the only results which can be used for the comparison of 
different methods of measurement are those which have been 
obtained simultaneously with the same flame. All such results 
show good agreement between line-reversal measurements and 
those made with heated wires. 

In an investigation to determine the transition probability 
for the D-line of sodium, Minkowski and his associates measured 
the concentration of free sodium atoms in a flame and at the 
same time found the reversal temperature of the flame. They 
assumed that regardless of the sodium salt introduced into the 
flame it was dissociated in the inner cone to form NaOH, which 
in turn was dissociated in the outer cone giving free sodium atoms. 
From their measurements of the concentration of these atoms, 
dissociation constants were calculated which showed no definite 
temperature relation when plotted against the corresponding 
reversal temperatures. On the basis of these results, they con- 
cluded that the dissociation of NaOH did not reach equilibrium 
in the outer cone of the flame and that reversal teniperatures 
would accordingly be lower than the true flame temperatures. 
They attribute the agreement between flame temperatures 
found by line-reversal measurements and by measurements 
with a heated wire, to the catalytic effect of the wire causing 
more complete equilibrium in the dissociation of NaOH. How- 
ever, in the determination of temperature by the line-reversal 
method, it is assumed that the free sodium atoms are in thermal 
equilibrium with the gases of the flame, and it has been shown that 
as long as a sufficient number of these atoms are present to give 
a definite reversal of the spectral line, the results are independent 
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of the concentration of the atoms (19). Thus, the objections to 
the reversal method of temperature measurement do not appear 
to be as serious as those which may be raised regarding other 
methods of flame temperature determination; and for the meas- 
urement of the temperature of the gases in an engine, it is the 
only reasonably satisfactory method which has been devised. 


CoMPARISON OF MEASURED AND CALCULATED TEMPERATURES 


The results from various investigations collected in Table | 
clearly indicate that combustion temperatures obtained by direct 
measurement with resistance thermometers or thermocouples 
are far below the calculated temperatures of Goodenough and 
Baker (3) shown in Fig. 3. Combustion temperatures calculated 
from temperatures measured during compression or expansion are 
in good agreement with the other calculated temperatures; but 
this is to be expected, since in each case similar assumptions were 
made and about the same thermochemical data were used. 

Although the temperatures calculated from radiation measure- 
ments agree very well with the calculated temperatures for a 
narrow range of air-fuel ratios, the agreement otherwise is so 
poor that the radiation method cannot be considered as giving 
reliable results. Since the source of error appears to be inherent 
in the method, it was discarded in favor of the more convenient 
line-reversal method, without attempting to correct or modify 
the results. 

The line-reversal temperatures have been found to be lower 
than the calculated temperatures by some 700 F over most of 
the range of air-fuel ratios; however, there are a number of 
factors, which together, may account for this difference. In 
calculating their temperatures Goodenough and Baker used 
thermal data which at the time was considered the most 
reliable, but more recent values determined from spectroscopic 
data give lower calculated temperatures (29). Furthermore, 
they assumed that combustion occurred adiabatically and at 
constant volume, and since neither of these conditions is exactly 
satisfied in the engine, the observed temperatures would accord- 
ingly be reduced. Finally, temperature gradients in the gases 
would affect the reversal temperatures in a similar manner. 

In the most recent determination of gas temperatures in an 
engine, Rassweiler and Withrow (23) have shown that large 
temperature gradients exist in the combustion chamber, not only 
during inflammation, but also during the entire expansion stroke. 
Their apparatus was arranged so that the flame advance was 
perpendicular to the axis of the optical system and temperatures 
were measured across three different sections of the combustion 
chamber. At the end of normal combustion the temperature 
difference between the gases at the extreme ends of the chamber 
was found to be about 400 F, corresponding to a temperature 
gradient of 100 F perin. The existence of temperature gradients 
perpendicular to the direction of flame movement was also 
shown by the appearance of self-reversal of the spectral line. 
However, this only occurred when an excess of sodium was 
present in the gases, indicating that the cold layer of gas next to 
the wall of the combustion chamber was relatively thin. 

In the earlier reversal measurements (21) the flame advanced 
in the direction of the axis of the optical system, and radiation 
from the sodium atoms in that portion of the gases which was 
burned first, passed through the region subsequently burned. 
That is, radiation from a region of high temperature passed 
through a region at a lower temperature. While the temperature 
difference between these two regions probably was not as great 
as that found by Rassweiler and Withrow, since they used an 
engine with a long flat combustion chamber, nevertheless, the 
results would be affected by this variation of temperature. 
Griffiths and Awbery (20) have made reversal measurements 
with two flames of different temperatures placed one behind the 
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other. The reversal temperature which they found with such 
an arrangement was a value lying between the temperatures 
found with each flame separately. When the lower temperature 
flame was next to the spectroscope the observed temperature 
approximated the arithmetical average of the wo separate tem- 
peratures, but when the order of the flames was reversed the 
observed temperature was higher than the average. The con- 
ditions under which the reversal measurements were made in 
the engine would, therefore, correspond to that in which the 
lower temperature flame was next to the spectroscope and the 
observed temperatures should approximate the average of the 
temperatures at the two sides of the combustion chamber. Thus, 
the reversal temperatures plotted in Fig. 3 would appear to be 
some 100 F to 150 F below the actual temperatures. Such a 
correction, together with one for heat loss during combustion, 
should bring the observed temperatures into reasonable agreement 
with temperatures calculated on the basis of currently accepted 
thermal data. 
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Tests of Radiation From Luminous Flames 


By W. TRINKS! anv J. D. KELLER,? PITTSBURGH, PA. 


This paper discusses the radiating power of luminous 
flames produced in the burning of natural gas and the ef- 
fects which the different conditions of injection and com- 
bustion of the gas have upon such radiating power. The 
authors described the equipment used in making the 
tests which included a standard-type glass-tank burner 
and a newly developed burner designated as a ‘‘cracking 
and mixing’ burner. The series of tests conducted with 
these burners were made to determine the effect on flame 
radiation of the following factors: Excess air or gas; chang- 
ing the temperature of the preheated air; preheating the 
gas; changing the velocity of the gas; varying the pro- 
portion of gas passed through the high-pressure and low- 
pressure nozzles of the cracking and mixing burners; ad- 
dition of gasoline to the gas; changing the angle of the 
burners; changing the velocity of the preheated air; clos- 
ing or changing the size of the air hole around the burners; 
inserting or removing a tongue from the port; and chang- 
ing the furnace pressure. Curves are presented by the 
authors showing these various effects. 


research done years ago at the Carnegie Institute of Tech- 

nology for the Libbey-Owens Sheet Glass Company. The 
authors were under contract not to divulge anything about this 
work until December, 1934, in order to allow ample time in which 
to secure patent protection for any apparatus or method which 
might be developed from the tests. As a year has elapsed 
since the dead line was passed the authors feel free to yield to the 
pleadings of heat engineers who had opportunity to know of the 
thoroughness of the tests and therefore offer the results to the en- 
vineering public. 

The paper deals with the radiating power of luminous flames 
produced in the burning of natural gas, and with the effects which 
the different conditions of injection and combustion of the gas 
have upon such radiating power. 

In all of these tests, the fuel, Pittsburgh natural gas, was burned 
in highly preheated air. The work was carried out in the com- 
hustion tunnel at Carnegie Institute of Technology. This tun- 
nel is shown in Figs. 1 and 2. The equipment, measuring devices, 


INFORMATION disclosed in this paper was gained from 


: Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology. Mem. A.S.M.E. Professor Trinks was born in 1874 in 
Kerlin, Germany. He was educated at Charlottenburg, being gradu- 
ated in 1897 with the degree of M.E. with honors. From 1902 to 
1905 he was chief engineer of the William Tod Company, Youngs- 
town, Ohio, and since then has been with Carnegie Institute, serving 
also as consulting engineer with Mesta Machine Company, Jones & 
Laughlin Steel Company, and Libbey-Owens-Ford Glass Company. 
He is the author of ‘Governors and Governing of Prime Movers,” 
‘Industrial Furnaces,” vols. 1 and 2, ‘‘Roll-Pass Design,”’ etc. 

* Engineer with Prof. W. Trinks at Carnegie Institute of Tech- 
nology. Mr. Keller was graduated from Carnegie Institute of Tech- 
nology in 1914 with the degree of S.B., and received his M.E. degree 
from that institution in 1917. 

Contributed by the Process Industries Division and presented at 
the Annual Meeting of Tae AMERICAN SocteTy oF MecuHanica En- 
GINEERS, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


and method of testing are described in an Appendix to the paper. 
Two general types of burners were used. The first was a typical 
glass-tank burner consisting of two nozzles, one on each side of 
the port, injecting the gas with a velocity of 85 to 120 fps at an 
angle of (usually) 45 deg to the axis of the port, so that the two gas 
streams if not deflected would impinge on each other at right 
angles as shown in Fig. 3. The second type of burner was a new 
development designated as a “cracking and mixing” burner, be- 
cause it was designed to cause, first, dissociation or cracking of the 
gas and formation of carbon particles distributed throughout the 
mass of the gas, and later, thorough mixing of the cracked gas 
with the combustion air. It consisted of two large nozzles, lo- 
cated near the floor of the port, through which the greater part of 
the gas entered at low velocity in front of a bridge wall; and two 
small high-pressure nozzles located higher up and further forward 
on each side of the port and injecting the remainder of the gas at 
about 45 deg to the port axis as shown in Fig. 4. Many different 
arrangements and changes of proportions were tried, but those 
shown in Fig. 4 gave the most satisfactory results, and for that 
reason the test data for this type of burner will, except where 
noted, be given for this particular arrangement only. 

The port which guided the flame into the furnace, and in which 
the burners were located, had exactly the same proportions as a 
glass-tank port but was smaller in size. Its mouth was 15 in. 
wide X 9 in. high in the first series of tests; these dimensions 
were changed to 11°/, in. X 71/s in. in the series of tests run 
three years later. The cross section of the furnace or combustion 
tunnel had an inside width of 24 in. and the height from the floor 
to the crown of the arch was also 24 in. The thickness of the 
flame layer through which the radiometer was sighted was there- 
fore 15 in. (113/, in. in later tests) at the mouth of the port, and 
approximately the same at measuring opening No. 1, but as the 
jet of flame expanded it increased to the full width of the furnace, 
and the thickness of the flame was therefore 24 in. at openings 
Nos. 2, 3, and 4, location of which is shown in Fig. 1. 

Series of tests were made to determine the effect on flame radia- 
tion of the following factors: Excess of gas or air; changing the 
temperature of the preheated air; preheating the gas; changing 
the velocity of the gas; varying the proportion of gas passed 
through the high-pressure and low-pressure nozzles of the crack- 
ing and mixing burners; addition of gasoline to the gas; chang- 
ing the angle of the burners; changing the velocity of the pre- 
heated air; closing or changing the size of the air hole around the 
burners; inserting or removing a tongue from the port; and 
changing the furnace pressure. 

From a scientific standpoint, the most interesting property of 
the flame is its emissivity, which is defined as the ratio of the 
quantity of heat radiated per unit area and unit time by the flame 
at a given temperature to the quantity which would be radiated 
by a perfect black body at the same temperature. From an en- 
gineering standpoint, however, the interesting property is the ac- 
tual rate of heat emission from the flame in Btu per sq ft per hr, 
and this depends not only on the emissivity but also on the tem- 
perature of the flame. It is evident that in a flame in which heat 
is being developed by combustion at a given rate, the temperature 
must drop if the emissivity is increased. In some cases, there- 
fore, it will be necessary to indicate not only the emissivity but 
also the temperature of the flame along its path in order to pre- 
sent a complete picture of the relations. In general, the emissivi- 
ties as calculated from the measured heat quantities and tem- 
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peratures will be shown, plotted on the basis of distance along the 
flame path. 

Before describing the effects of the various changes, it may be 
desirable to present for comparison, representative results for the 
two different types of burners. The solid-line curve in Fig. 5 
shows the average emissivity of the flame from the standard 
type of glass-tank burner, with 3 to 12 per cent excess gas, 1700 
F average air preheat temperature, 100 fps gas velocity from the 
nozzles when burning 16 cu ft of natural gas per min. The dot- 
dash (bottom) curve shows results of a later series of tests with 


burners of the same type but of smaller size. It corresponds to 
an average of 7 per cent excess gas, 2000 F preheat temperature, 
120 fps gas velocity when burning 14 cu ft of gas per min. The 
broken-line curve shows the average emissivity of the flame from 
the cracking and mixing burners, with about 9 per cent excess 
gas, 1700 F average air preheat temperature, 10 fps velocity from 
the low-pressure nozzles, the pressure on the high-pressure jets 
being about 1 lb per sq in., when burning 16 cu ft of gas per mia 
and sending about 85 per cent of it through the low-pressure 
burners. 
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VaryING THE Gas-AiR Ratio (Excess or Gas oR AIR) 


This is one of the most important of all the factors that in- 
fluence the luminosity or radiating power of the flame. With 
the standard glass-tank burners, as will be evident from Fig. 6, 1 
per cent excess of gas means roughly 1 per cent increase of aver- 
age emissivity up to 35 per cent; the rate of increase probably 
being somewhat greater than this for small percentages of excess 
and somewhat smaller for large percentages of excess gas. It 
will be noticed that the emissivity near the burner is very little 
affected, and that the farther the flame travels, the greater is the 
increase. In a general way, this is desirable for the sake of more 
uniform distribution of heat, but is of course wasteful of fuel. 
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(Solid lines for cracking and mixing burners; dashed lines for standard-type 
glass-tank burners 0.5 in. in diameter; and the dot-and-dash lines for stand- 
ard-type burners 0.42 in. in diameter.) 


In the cracking and mixing burners, an excess of gas likewise in- 
creases the emissivity, although the percentage increase is less 
than for the standard burners; and excess air decreases the emis- 
sivity. From the heat-transfer standpoint, there is no necessity 
for using excess gas with these burners, since even with no excess 
(ideal ratio) the emissivity is so near the maximum possible value 
that little would be gained by increasing it. In glass tanks, how- 
ever, it is often preferred for reasons of glass technology rather 
than of heat transmission to work with a reducing flame, usually 
corresponding to between 5 and 10 per cent excess gas. 


Errect or PREHEAT TEMPERATURE 


Contrary to the general impression and to statements in some 
textbooks, increasing the temperature of the air supplied for com- 
bustion does not always increase the radiating power of the flame; 
sometimes it causes a decrease. The reason for this fact may be 
expressed in a general way by the statement that combustion of 
hydrocarbon gases is a race between hydroxylation (partial com- 
bustion) and cracking. Cracking, or dissociation of the gas into 
carbon and hydrogen, is of course the source of the luminosity or 
full-spectrum radiation from the flame.* If hydroxylation is the 

3“*Fuels and Their Combustion,” by R. T. Haslam and R. P. 


Russell, McGraw-Hill Book Company, New York, N. Y.., first edition, 
1926, p. 185. 
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predominating action, it will be increased, by preheating the air, 
to a greater extent than will the cracking; but if cracking is the 
predominating action, then this will be increased to the greater ex- 
tent. A rough rule is that the emissivity of thick gas streams flow- 
ing at low velocity is increased when the air temperature is raised, 
but the emissivity of gas streams of small diameter flowing at high 
velocity is decreased under the same conditions. Referring to Fig. 
7, there can be no question but that with the cracking and mixing 
burners, raising the air temperature (figures in parentheses) in- 
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creases the emissivity. Also, the broken lines in the upper sec- 
tion of Fig. 7 show beyond a doubt that with standard burners of 
small size (0.42 in. diameter) with high gas velocity (120 fps), the 
higher air temperature causes a decided decrease of emissivity. 
The larger standard burners (0.50 in. diameter) however, having 
lower velocity (100 fps), the results for which are shown by the 
broken lines in the lower section of Fig. 7, are apparently ‘‘on the 
fence;’”’ raising the air temperature at first increases the cracking 
and with it the emissivity of the flame, until an air temperature 
of more than 1600 F is reached, after which a further increase of 
air temperature again apparently reduces the radiating power.‘ 

A case in which as much as 200-F variation of air temperature 
made practically no difference in emissivity is illustrated by the 
solid lines in the upper part of Fig.6. This was a modified crack- 


4 This cannot be stated as a definite conclusion, however, because 
there is just a possibility that conditions varied during the tests. 
With reference to Fig. 7, the runs with 1260, 1440, 1520, and 1625 F 
preheated air were made in one day, and those at 1790 and 1820 F 
were made on the succeeding day. (The values for 1820 F are the 
average of 3 different tests, or 18 readings for each point.) While 
all conditions as shown by the measurements were maintained con- 
stant, with the exception of the air preheat, during all six runs, it is 
just possible that the amount of heavy hydrocarbons in the natural 
gas may have changed from one day to the next, and that this, rather 
than the effect of the preheat, may account for the relatively low 
values at 1790 and 1820 F. The probability is, however, that while 
some variation may have been due to this cause, the preheat actually 
poe ir a a decrease of emissivity after an optimum temperature is 
ex i 
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ing and mixing burner using no bridge wall, having low-pressure 
inlets of 0.84 in. diameter through which the gas entered at 30 
fps, the mixing being produced by small compressed-air jets for- 
ward of the gas inlets. 

With the standard burners, with a gas velocity of 120 fps and 
1780 F air, about the same emissivity was produced as when the 
same quantity of gas was passed through slightly larger burners 
with a velocity of 85 fps into 1960 F air. 

Even when a flame of high emissivity can be produced inde- 
pendently of high air preheat (as by using an excess of gas or by 
using the cracking and mixing burners), a high temperature of 
air preheat is of distinct advantage in obtaining more uniform 
heat transfer by preventing excessive temperature drop along the 
flame path. 

If with low preheat temperature, the emissivity of the flame is 
increased, the necessary temperatures cannot be attained nor 
maintained. With high preheat temperature, combustion can 
be slower and still give sufficiently high maximum temperature at 
the same time without danger of depressing the average flame 
temperature so that the heat transfer (as distinct from the emis- 
sivity) is no greater than with the flame of lower emissivity.5 In 
glass-tank practice, high preheat temperature is essential to suc- 
cess with highly radiant flames. 


EFFEcT OF PREHEATING THE GAS 


Contrary to what might have been expected, preheating the 
natural gas to moderate temperatures resulted not in an increase 
but in a marked decrease of flame emissivity. The results with 
the standard glass-tank burners are shown in Fig. 8, wherein the 
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figures in parentheses denote the temperature to which the gas 
was preheated. The top curve applies to cold gas. _In the tests 
to which the two lower curves apply, the testing was started wit! 
the gas at 375 F, and while the radiometer was moved from one 
station to the next, from the burner end of the furnace to the flue 
end and back again, the gas temperature gradually rose to 635 F. 
The reduction of emissivity produced by increase of gas tempera- 
ture was very marked. The explanation appears to be, that the 
amount of preheat was not sufficient either to cause cracking of 
the gas before it entered the furnace or to expedite the cracking 
after it entered; instead, the increase of velocity due to expan- 


5 ‘Radiation From Luminous and Nonluminous Natural-Gas 
Flames,” by R. H. Sherman, Trans. A.S.M.E., vol. 56, 1934, paper 
IS-56-1, pp. 177-192. 


50 
| | | ° 
10} 
5) | 
= += | 
| 
2¢ 48 POP T | 
| AR PREHEAT 
| gas 2470 19 % EXCESS 
| | | 260 | | | 2380 | 
PREHEATED GAS 23.55 630 
| ima 2690 (ee 
40 60 80 100 120 
#4 


‘ 


PROCESS INDUSTRIES 


sion of volume reduced the time available for cracking before mix- 
ing occurred. On the other hand, the preheat was sufficient to 
increase appreciably the velocity of combustion, both directly by 
the increase of molecular velocities, and indirectly by the quicker 
mixing due to the expansion of the gas and its consequent greater 
velocity when leaving the burners. 

Preheating the gas not only makes radiation less uniform along 
the path of the flame, but shortens and sharpens the flame, causes 
it to spread vertically or “fishtail,” and produces local overheat- 
ing. In all respects, it produces a condition less desirable for 
glass-tank use than that obtained with cold gas. 

That the acceleration of cracking by gas preheat in any case 
would be small, is evident by other tests (not shown in the curves) 
with the cracking and mixing burners, in which the emissivity 
with gas preheated to 780 F was almost exactly the same at each 
station as with cold gas, the greatest difference at any point being 
not greater than the probable error of measurement. Preheating 
the gas to really high temperatures is of course impossible from a 
practical standpoint, because of soot deposits in the supply pipes. 


Errect or Gas VELOCITY AND BURNER SIZE 


When burning gas at a given rate, the emissivity of flames from 
the standard glass-tank burners decreases rapidly as the nozzles 
are made smaller, this being evident from a study of Fig. 9. This 
is due to two factors, both acting in the same direction. De- 
crease of jet size means increase of velocity, and both small size 
and high velocity favor mixing at the expense of cracking. The 
reduction of emissivity is consequently drastic and the tests con- 
firm the observations made many times by glass-tank operators, 
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that increasing the size of the burners produces a more hazy flame 
and that reducing the size results in a thinner clearer flame. If 
the burner is too large, the flame becomes smoky, and combustion 
too slow. Hence, there is an optimum size for this type burner. 

An important observation was that this optimum size of burner 
depends on the preheat temperature of the air. As previously 
mentioned, a gas inlet velocity of 120 fps produces about the same 
emissivity of flame with 1780 F air as does a gas velocity of 85 
fps with 1960 F air. 

With the cracking and mixing burners, the effect of changing 
the pressure (and consequently the velocity) and the proportion 
or fraction of the total gas which was passed through the high- 
pressure nozzles, was studied, the results having been plotted in 
Fig. 10. In general, a higher pressure ahead of the mixing-gas 
nozzles corresponded to a greater percentage of mixing gas and a 
lower percentage of low-pressure or cracking gas. However, this 
was not always the case because of change of nozzle size. Using 
two different sizes of nozzles, two curves were obtained for the 
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same percentage but different pressures, namely 28 per cent for 
a pressure of 4 Ib per sq in. and 28 per cent for a pressure of 1.5 Ib 
per sq in.; although applying to somewhat different types of port, 
the two lie so close together that the conclusion can safely be 
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drawn that in this type of burner it is the percentage of cracking 
gas rather than the pressure or velocity of mixing gas which is 
the predominating factor. 


Errect OF ADDING GASOLINE (CARBURETION) 


Glass-tank operators who have been used to wet natural gas 
and who are compelled to burn gas from which the gasoline has 
been extracted, often claim that the gasoline extraction seriously 
impairs the value of the gas for glass making. Therefore, tests 
were made to determine the effect of adding various percentages of 
gasoline to Pittsburgh natural gas, which isadry gas. The results 
are shown in Fig. 11. Each of the curves is the average of two or 
more sets of tests. The symbol X means equivalent excess of 
combustible present (gas plus gasoline), while “per cent gasoline” 
means the amount of gasoline introduced into the gas pipe, ex- 
pressed in per cent of the heating value of the gas. On the aver- 
age, 1 per cent of gasoline produces 2'/2 to 3!/, per cent increase 
in flame emissivity, the excess combustible being the same. Since 
the average amount of gasoline extracted from natural gas as it 
comes from the wells corresponds to about 2 per cent, it is evident 
that the flame emissivity cannot be reduced more than about 7 
per cent below that of the wet gas by the extraction. The differ- 
ence in results claimed by the operators therefore appears in this 
particular case to be largely psychological. 
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Substitution of ethyl gasoline for straight gasoline made no 
difference whatsoever in the results. 


EFFECT OF CHANGING THE ANGLE OF THE BURNERS 


With the standard-type burners, tests were made with the axes 
of the nozzles set at angles of 30 deg, 43 deg, and 50 deg with the 
center line of the port. Changes within these limits caused only 
small differences in the flame emissivity, as shown by the broken 
lines in Fig. 12, and even less in the overall heat transfer. The 
larger angle produced localized high temperature and slightly 
greater but correspondingly less uniform radiation. The smaller 
angle impaired the mixing somewhat, tending to produce a 
streaky flame and less complete combustion. The standard 45- 
deg angle appears to furnish the best compromise in regard to 
glass-tank conditions. 
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With the cracking and mixing burners, the emissivity as shown 
by the solid lines in Fig. 12 was much less when the low-pressure 
inlets were set at right angles to the port center line than when set 
at 45 deg. In fact, in the very first tests made with this type of 
burner, the inlets were set at 90 deg, and not until the angle was 
changed to 45 deg were satisfactory results obtained. 


Port AND VELociTy oF Hor AIR 


Unfortunately, arrangements could not be made to vary the 
thickness of flame layer, except to the extent that the reduction 
in port width in the later series of tests meant a thinner layer at 
observation opening No. 1, and here the effect was overshadowed 
by the difference in nozzle size and gas velocity from those of the 
first series of tests. 

The equivalent port size was varied in the first series of tests by 
changing the gas and air quantities in the same actual port. Thus 
a decrease of 15 per cent in the air and gas velocities was consid- 
ered equivalent to increasing the port area by about the same 
percentage, but the average emissivity was raised thereby only to 
the extent of 4 per cent. Combustion was slightly less complete 
than with the small port. 


OPENINGS AROUND BURNERS 


Operators lay great stress on the presence of openings around 
the burners through which cold atmospheric air can be drawn in. 
They believe the proper size of these openings to be of great im- 
portance. Two different sets of tests were made to study the 
effect on the flame of closing these openings entirely. When the 
openings were closed, the emissivity averaged 7 per cent less than 
when they were open. Other tests, made with the openings en- 
larged considerably in size, showed no measurable difference com- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


pared to the original size. Measurements made to determine the 
quantity of cold air drawn in showed this to be entirely negligible 
compared to the quantity of preheated air. Evidently the open- 
ing around the burner nozzle is required merely to break the vac- 
uum which would be formed in the burner block by the jet action 
and would interfere with proper flame development (and also 
cause carbon deposition). Hence, even a very small opening is 
as good as a large one. The principal purpose of the holes is ap- 
parently to keep the burners clean. 


FURNACE PRESSURE 


Extremely small variations in the furnace pressure caused 
noticeable variations in the character of the flame and in its emis- 
sivity. These variations, produced by opening or closing the 
stack damper, were so small that they could be detected only by 
a highly sensitive gage. Ordinarily the pressure at the hearth at 
the flue end of the furnace varied from zero to —0.005 in. of water 
(slight draft), but because of the buoyancy of the hot gases, a 
slight positive pressure always existed at the port level. Because 
of infiltration of air through the gaps around the measuring open- 
ings and possibly through the joints and the pores of the bricks 
themselves, a change from slight positive pressure to slight draft 
often produced a noticeable change in the furnace atmosphere 
from quite smoky to fairly clear, with a corresponding decrease in 
heat-transfer rate. 

Fortunately, a quick but accurate indicator was available in 
the “stinger” or small tongue of flame issuing from an observation 
opening at the rear end of the furnace. By adjusting the stack 
damper to maintain a constant length of stinger, the pressure 
could be maintained constant within a few thousandths of an 
inch of water. 


GENERAL OBSERVATIONS 


It was found that the less the opacity of the flame, the more it 
flickered and the more erratic were the individual readings. With 
the cracking and mixing burners, producing a flame saturated 
with carbon particles and having high emissivity, the readings 
could be duplicated time after time for a given set of conditions, 
but with the standard glass-tank burners, considerable variations 
were often encountered between successive readings even when all 
conditions remained apparently constant. With these burners, 
it was necessary therefore to take a larger number of readings in 
order to obtain.a representative average. 

Other variations with time, occurring when gas and air quan- 
tities and temperatures remained constant, were ascribed to con- 
densation and subsequent reevaporation of heavy hydrocarbons 
in the gas main. It was noted, for instance, that in cold weather 
the flame emissivity usually decreased during the night and in- 
creased during the day, which would agree with this theory. 
Calorimeter tests showed a similar variation of heating value of 
the gas, but ordinary chemical analyses of gas samples taken at 
various times did not. (Fractionation apparatus was not avail- 
able.) 


CONCLUSIONS AS APPLIED TO RADIATION IN GLAss TANKS 


1 Of the various factors which influence flame emissivity, 
which can be controlled or varied by the glass-tank operators, and 
with which they are continually experimenting with a view to 
improvement, only a few are really effective. The most impor- 
tant of these in order of effectiveness when standard-type burners 
are used, are change of nozzle size and gas velocity, change of gas- 
air ratio, and change of air preheat temperature. All the various 
port proportions and angles are of negligible importance com- 
pared to these three factors. The drastic change produced by 
change of nozzle size and gas velocity, and the way in which the 
optimum size is modified by other conditions such as air preheat 
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temperature, warrant the experimenting which is continually 
carried on by the operators to determine the best size for a given 
tank. Of course, they are interested not only in emissivity but 
in fairly uniform temperature distribution, flame direction, na- 
ture of furnace atmosphere as related to chemical or physical ac- 
tion on the glass bath, and diminution of dusting and of port 
erosion. The flame of highest emissivity may not be the best all- 
around glass-furnace flame. 

2 The highest possible emissivity obtainable with the stand- 
ard burners, even under the best possible conditions, is far ex- 
ceeded by that obtained with the specially designed cracking and 
mixing burners. With these, black-body radiation can be closely 
approached, even with a flame only 2 ft in thickness. 

However, the percentage increase in heat transfer obtainable 
in the actual glass tank will for two reasons always be less than 
the increase of measured emissivity would indicate. First, be- 
cause the emissivity is related to thickness of flame layer by an 
exponential law, and while the thicker flames in glass tanks will 
have greater emissivity than the thinner layers of the same kind of 
flame in the experimental furnace, the difference will be less, the 
greater the opacity of the flame. Second, because in the actual 
glass tank the interaction of the flame and the roof or “cap” in 
radiation minimizes the effect of the flame alone.*® 

The real advantage of the opaque or luminous flame of high 
emissivity in glass-tank practice lies not so much in ‘increase of 
heat-transfer rate as in penetration of radiant heat more deeply 
into the glass bath. It is not at first thought evident why radia- 
tion from a very hazy flame should penetrate more deeply than 
radiation from a relatively clear flame or from nonluminous gases, 
but that it does so has been proved beyond question by observa- 
tions and measurements in actual glass tanks. The explanation 
probably lies in the selective absorption by the glass of the radia- 
tion in certain wave bands, as suggested by W. Trinks in a recent 
paper before the American Ceramic Society.? Because of this 
increased penetration of radiant heat, the production from a given 
size of tank can be greatly increased. Given the proper refrac- 
tory materials to withstand the disintegrating action of the nas- 
cent carbon produced by the cracking of the gas, and proper port 
design to prevent deposition of coke, there is no reason why highly 
radiant flames should not be successfully applied to at least 
double the present throughput of glass tanks. 


Appendix 


Test MreruHops AND APPARATUS 


In planning the tests, two methods of radiation were considered. 
The first method employed the use of a calorimeter such, for ex- 
ample, as that used by J. D. Keller* arranged to receive radiation 
from the flame only. The second method employed the use of a 
radiometer, also screened from any radiation except that from 
the flame, and calibrated in terms of black-body radiation. The 
first method has the advantage of giving an absolute rather than 
& comparative measurement, but has the great disadvantage of 
slow action, because time must be allowed for the water flowing 
through the calorimeter to reach temperature equilibrium. As it 
was desired, in the tests herein described, to investigate a very 
wide range of conditions and port designs and to study the effect 
of a large number of variables, quickness of action was essential. 
After experiments with a home-made radiometer of the reflector 


‘Industrial Furnaces,” by W. Trinks, John Wiley & Sons, 
Inc., New York, N. Y., vol. 1, third edition, 1934, pp. 31-33. 

7“Economy and Capacity of Glass Tanks,”” by W. Trinks, In- 
dustrial and Engineering Chemistry, vol. 25, 1933, pp. 865-870. 

*“Effect of Reradiation on Heat Transmission in Furnaces and 
Through Openings,” by H. C. Hottel and J. D. Keller, Trans. A.S. 
M.E., vol. 55, 1933, paper IS-55-6, pp. 39-49. 
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type which proved to be much too sluggish, it was decided to use 
the Pyro radiation pyrometer as a radiometer. This instrument 
consists of a small sensitive thermopile on which the radiation is 
concentrated by means of a quartz lens. The galvanometer is 
enclosed in the same casing with the instrument, the whole as- 
sembly weighing only 13/4 lb. An eyepiece in the rear permits 
sighting directly at the radiant object. The instrument acts 
quickly and reaches equilibrium in a very few seconds. 

To screen the radiometer from any radiation except that of the 
flame, a water-cooled copper holder was provided as shown in 
Fig. 2. The interior was carefully smoke-blackened. In order 
to prevent condensation of water on the inner surfaces which 
might cause undesired reflection of heat, or the entrance of smoke 
which would partially blanket the radiation, a small tube was 
provided, as shown in Fig. 2, through which air was admitted in 
a gentle stream from a fan at a pressure of about 4 oz per sq in. 
With hazy flames, shutting off or turning on the air was found to 
produce a noticeable difference in the readings. A diaphragm 
was provided to reduce the received radiation to the amount re- 
quired to give sufficient but not too great deflection of the gal- 
vanometer needle. The whole assembly, radiometer and holder, 
was calibrated before and after each series of tests by sighting it 
through a small opening into the interior of a special small fur- 
nace, the wall temperature of which was measured by a cali- 
brated optical pyrometer. The furnace atmosphere during the 
calibration contained nothing but air. The change from one 
calibration to the other, over a series of runs, was found to be very 
small. 

In one side wall of the furnace were provided four observation 
holes, spaced about 35 in. apart, as shown in Fig. 1. Directly 
opposite these openings were provided the long vertical slots 
shown in Fig. 2. Those of the slots not in use at any time were 
closed by insertion of fire-clay blocks, but the one in use was 
closed on the outside by means of a water-cooled box, so shaped 
as to prevent reflection of any radiation. The angle of the cone 
of rays included within the aperture of the diaphragm in the 
holder was sufficiently small (about 5 deg) so that the thermopile 
was exposed only to the water-cooled box opposite, and not to 
any of the brick surfaces. Hence, it received radiation from the 
flame only. In order to take account of possible stratification in 
the flame, the holder was so arranged that it could be tilted up or 
down, to an angle of about 7 deg with the horizontal. 

The order of procedure was as follows: Start at opening No. 1 
(nearest the port). Move the radiometer and holder into place; 
remove block from slot opposite and move water box into place; 
sight radiometer horizontally and take reading; sight it down- 
ward at 7 deg to horizontal and take reading; sight it upward at 
7 deg and take reading. At the same time read all temperatures 
and rates of air flow and gas flow. Move successively to openings 
2, 3, 4, then back to 3, 2, 1, repeating the procedure at each open- 
ing. As the water box was moved to the next slot, a fire-clay 
block was inserted into the preceding slot, and the observation 
hole was closed by a stopper. In those cases where considerable 
flickering of the flame and variation of the readings occurred, the 
whole procedure was repeated a second time. Thus each final 
reading at each opening was the average of at least six, and in 
some cases of twelve, separate readings. 

Temperatures in the furnace were measured by four calibrated 
platinum versus platinum-rhodium thermocouples, protected by 
sillimanite tubes of 5/s in. outside diameter, inserted through the 
roof of the furnace as close as possible to each observation hole 
without being in the line of sight, and extending about 8 in. below 
the under side of the roof. They were connected through com- 


pensating lead wires and an enclosed multipoint switch to a 
Brown indicating galvanometer with cold-junction compensator. 
The temperature of the preheated air was measured by a bare 
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base-metal couple while the temperature of the gas when pre- 
heated was measured by a 1000-F mercury thermometer. 

The gas flow was measured by calibrated orifice meters and 
also by adry meter. The air flow was measured by orifice meters 
in the cold-air line leading to the metallic recuperator and in the 
hot-air line leading from that recuperator. In the first series of 
tests, wherein the air after leaving the metal recuperator passed 
through a silicon-carbide tube recuperator, the leakage in the lat- 
ter in spite of frequent repairs and careful sealing of the interior 
joints was so serious that the air measurements could not be used, 
and the air-gas ratio had to be calculated from the complete 
flue-gas analyses. In the later tests, the air passed from the 
metal recuperator through an electric air-heater completely en- 
cased in steel, and thence through a regenerator thoroughly sealed 
by a plastic coating completely covering the outside. There was 
in this case no chance for leakage, and measured air quantities 
checked very well with the quantities calculated from the meas- 
ured gas quantity and the flue-gas analysis. 

For the latter, the density-type CO, meter was found to be 
entirely useless because when any excess of gas was used the small 
amount of hydrogen present was sufficient to counterbalance the 
effect of the CO, and actually to cause a negative reading. A 
Hays chemical absorption-type meter worked very satisfactorily 
and required little attention, but determined CO, only. A Mono 
instrument determined not only CO, but combustible CO and 
H:, but it required considerable attention and was found to be 
affected by temperature changes. A standard Orsat was used 
constantly, determining CO, O., and CO, and check analyses were 
made at intervals with the Bureau of Mines type of Orsat which in- 
cludes a combustion pipette to determine the hydrogen in the flue 


The heating value of the natural gas was determined continu- 
ously by a Junkers calorimeter, and chemical analyses were made 


of occasional samples. Fractionation apparatus was not avail- 
able. The average analysis of Pittsburgh natural gas as deter- 
mined by the usual chemical methods was 87 per cent CH,, 11.5 
per cent 1.5 per cent plus COz. The higher calorific 
value of this fuel was 1090 Btu per cu ft referred to 60 F, and 29.92 
in. hg at a density of 0.632. Fractionation analyses which were 
made at another time at the Bureau of Mines have shown that 
the true composition of this gas is about 84.7 per cent CH,, 9.4 
per cent C;Hs, 3.0 per cent C;Hsg, 1.3 per cent CyHio, and 1.6 per 
cent Ne. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


SouRcEs OF ERROR 

It has been thc ight that the quartz lens of the radiometer 
might absorb part of the radiation in the longer wave lengths and 
thus show apparent flame emissivities which are lower than the 
actual. In the few cases where clear flames (without carbon 
particles) were produced, the measured radiation was lower than 
that which the percentages of CO, and H:O present should have 
produced according to the data of Schack or of Hottel, and it is 
quite possible that strong absorption by the quartz lens in the 
region of the long-wave-length bands of these gases may account 
for this, or at least partially so. With luminous flames, on the 
contrary, the radiation is probably well distributed over the full 
spectrum with the high intensities and the peak of the Planck 
curve in the same wave lengths as for black-body radiation at the 
same temperature; although for the temperatures prevailing, the 
great bulk of radiation occurs at wave lengths much shorter than 
those at which the quartz absorption is considerable. The error 
from this source should be negligible. 

As to the temperature measurements, it was realized that as- 
piration pyrometers would have been preferable, although at 
those places where combustion is incomplete, these may read too 
high because the mixing due to high velocity in a small tube 
causes additional combustion and generation of heat. The or- 
dinary type of thermocouple shows a temperature intermediate 
between flame and wall, and therefore too low, with the result 
that the calculated emissivity is too high. However, a calcula- 
tion for an assumed flame temperature, balancing the heat re- 
ceived by the actual thermocouple protecting tube (which was 
5/, in. in diameter) against the heat radiated to the walls and to 
the partially exposed water-cooling pipes on the hearth, including 
the proper angle factors, showed that for the usual glass-furnace 
flame the amount by which the thermocouple temperature is less 
than the true flame temperature would not be sufficient to make 
a difference of more than about 3 per cent, at the very most, in 
the flame emissivity. With Clear gases, the error would be greater 
and the emissivity would be too high, whereas actually it was, as 
previously mentioned, apparently too low under these conditions 
With highly radiant, hazy flames, which are nearly opaque to 
heat rays (such as those produced by the cracking and mixing 
burners) the error would be less; in fact, the couple must have al- 
most exactly the same temperature as the flame, since it is almost 
completely blanketed-off from the walls by the heat-opacity of 
the flames. 
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Effect of Concentrated Sodium Hydroxide 
on Boiler Steel Under Tension 


By A. S. PERRY,? HUNTINGTON, W. VA. 


The study reported in this paper was undertaken pri- 
marily for the purpose of developing failures in typical 
boiler plate under tension and in contact with high con- 
centrations of sodium hydroxide in water solution. The 
failures occurring were examined carefully for evidence 
commonly considered indicative of caustic embrittlement. 
Photomicrographs are presented showing the presence of 
both intercrystalline and transcrystalline cracks. The 
author also includes a discussion of riveting pressures in- 
asmuch as such pressures tend to affect the stresses in the 
fabricated unit. Impurites in the metal used for rivets 
and plates are also considered. 

As a result of these studies it is concluded that whereas 


boiler failures has been such that, in general, it has been 

found difficult, if not impossible, to accept the prevailing 
ideas regarding the relation of salt concentration in boiler water 
to the failures encountered. 

The investigation reported upon in this paper was undertaken 
in an effort to examine more carefully the fundamental factors 
which produce boiler-metal failures and the specific characteristics 
of the failure itself. The investigation was divided into two parts, 
the first of which was devoted to tests involving the development 
of failures in which a solution of sodium hydroxide was one of 
the factors considered. The second part of the investigation was 
devoted to those factors associated with the metal which con- 
tribute to the development of abnormal stresses either directly or 
indirectly as in metal quality. 


"Tvci EXPERIENCE of the railroads in connection with 


1—FAILURES PRODUCED UNDER CONDITIONS WHERE 
THE SOLUTION IN CONTACT WITH THE METAL 
IS A FACTOR 


This part of the investigation is considered in two sections: 
(A) That in which a small experimental boiler was used to de- 


1 Report of the Joint Research Committee on Boiler Feedwater 
Studies. This committee is appointed jointly by the American Boiler 
Manufacturers Association, American Railway Engineering Associa- 
tion, American Water Works Association, Edison Electric Institute, 
the American Society for Testing Materials, and THe AMERICAN 
Society oF MECHANICAL ENGINEERS, to study methods of analysis 
and treatment of boiler feedwater for stationary and railroad practice. 

? Chief Chemist, test department, Chesapeake and Ohio Railway 
Company. Mr. Perry attended Rensselaer Polytechnic Institute as 
special chemist. For ten years he served as chemist in the labora- 
tories of the American Locomotive Company at Schenectady, N. Y., 
and was later chief chemist and assistant metallurgist at the Chester, 
Pa., plant. He resigned in 1929 to become associated with the 
Chesapeake and Ohio Railway Company as assistant chemist in the 
water-supply department. He was appointed to his present posi- 
tion in 1930, actively assisting in organizing and establishing a new 
laboratory for testing and analyzing materials incidental to railway 
operation. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting of Taz AMERICAN 
Society or MecHanicaL ENGINEERS, held in New York, N. Y., 
December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 


the stresses in the fabricated unit and the concentration of 
caustic in solution may be primary causes for the develop- 
ment of the phenomenon of caustic embrittlement, other 
factors contributing to metal stress and perfection of the 
fabricated unit may logically be considered in arriving at 
the fundamental cause of embrittlement. Typical of these 
factors are (@) riveting pressures, and (6) purity and uni- 
formity of rivet and plate metal. 

A more conscientious consideration of the nature of 
the resulting cracks in boiler failure will indicate the 
presence of both transcrystalline and intercrystalline 
cracks; and finally it is pointed out that intercrystalline 
cracks may not always be associated with caustic attack. 


velop failures as the result of attack by sodium hydroxide; and 
(B) that in which an attempt was made to determine the relation 
between stress in the metal and the development of failure under 
specific solution conditions. 


(A) ExPERIMENTAL BoILer Stupy 


Since, as has been stated, the experience of the railroads 
generally was such as to cause their engineers to disagree with the 
prevailing theories regarding the cause and inhibition of caustic 
embrittlement, it appeared logical that the initial step in the pro- 
gram should involve tests likely to yield results of more practical 
significance than those concerned simply with test specimens in 
bombs. Toward this end an experimental boiler, similar in many 
respects to a locomotive boiler, was constructed of standard 
1/,-in. boiler plate. The composition and physical properties of 
the metal are given in Table 1. 


TABLE 1 CHEMICAL AND PHYSICAL PROPERTIES OF BOILER 
STEEL USED IN FABRICATING THE EXPERIMENTAL BOILER 
First Second 
course course 
Yield strength, lb per sq in........................ 37950 38740 
Tensile strength, ID per IM... ... 56960 59860 


This boiler was 21 in. in diameter and was built in two courses, 
or sections, each 20 in. long. One course was equipped with a 
dished head riveted in place and so arranged that the butt strap 
was at the top, whereas the other course had a removable head 
and so arranged that the butt strap was at one side. The two 
courses were fitted together with a circumferential seam with 
two rows of rivets. The complete assembly is shown in Fig. 1. 
This boiler had a capacity of about 35 gal. 

It was intended that this boiler should operate at a pressure of 
approximately 200 lb per sq in. using a concentrated sodium- 
hydroxide solution. The length of the test period would be 
governed by the ability of the boiler to withstand serious leaking 
or failure resulting from caustic attack. The aim was to produce 
a typical embrittlement in this equipment if possible. Although 


Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not 
those of the Society. 
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the boiler was carefully constructed in all respects, leaks were 
encountered. It was found that when the boiler was operated 
at 200 lb per sq in. with feedwater containing about 400 g per 
] of sodium hydroxide, the seams and riveted areas required 
continuous calking during the first 100 hr. 

It was finally decided to drop the pressure to 95 lb per sq in. 
gage. Under this pressure and with a concentration of sodium 


Fic. 1 Bolter oN Tests WERE Con- 


DUCTED 


Fie. 3 ANoTHER ExampLe oF TypicaL Borer Rivet-HoLe 
CRACKS 


hydroxide slightly less than 400 g per | the test operation con- 
tinued for a total of 694 hr before a leak developed in the cir- 


cumferential seam between the two courses. Since this leak 
could not be stopped by calking, a preliminary examination was 
made by drilling out a rivet in the seam and examining the plate. 
A crack was discovered extending through both plates. This 
discovery led to the termination of the test and the dismantling 
of the boiler for more detailed inspection. More cracks were 
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revealed in and around the rivet holes, in many cases extending 
from hole to hole. Typical cracks are shown in Figs. 2 and 38. 
Specimens for micrographic examination were cut from the plate 
within the cracked area. These revealed cracks of both an inter- 
crystalline and transcrystalline nature. The photomicrographs, 
Figs. 4 and 5, show the details of typical cracks found. 

This test was considered adequate to demonstrate that boiler 
plate could be cracked under high stress with high concentrations 
of sodium hydroxide, and further, that in character, the cracks 
produced were both intercrystalline and transcrystalline. Al- 
though intercrystalline cracks seemed to predominate in general, 
areas were found where transcrystalline cracks were more preva- 


Fig. 5 Typrcan Cracks Founp IN THE BoILerR Puate (X 500) 


lent. This was considered significant since general opinion had 
been that caustic cracks were entirely intercrystalline. 

The next step in the progress of this investigation was to de- 
termine the approximate stress in the metal necessary to produce 
failure when the metal was in contact with concentrated sodium- 
hydroxide solution, sodium-sulphate solution, and distilled water. 
The consensus of opinion was that localized stress, possibly due 
to repeated calking, had been an important factor in the crack- 
ing of the experimental boiler. 


(B) Rewation or Stress TO CRACKING 


In this test six bombs similar to those used by F. G. Straub 
were constructed and mounted in a rack as shown in Fig. 6. 
These were arranged to be heated and to hold small, flat specimens 
under any desired load in tension. The specimens were cut from 
a section of boiler plate sufficiently large to insure their uni- 
formity both as to composition and physical properties. The 
chemical and physical properties of these specimens are given 
in Table 2. 

The procedure for testing involved a steam pressure in each 


3 “Embrittlement of Boilers,”’ by F. G. Straub, Engineering Experi- 
ment Station, Bulletin No. 216, vol. 24, 1930-1931, University of 
Illinois, Urbana, Ill. 
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TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF REPRE- 
SENTATIVE SPECIMENS OF BOILER STEEL TESTED IN BOMBS 


Chemical properties Cc Mn Pp 8 


Specimen No. 1. 0.210 0.330 0.012 0.018 
Specimen No. 2.. Shiny .. 0.210 0.340 0.012 0.020 
Yield str., Tensile str., Elongation 
Physical properties lb per sq in. Ib per sq in. in 2in., % 
Specimen No. 5. 33600 59200 24.5 
Specimen No. 9. 32400 58400 26.5 
Specimen No. 13 33600 58100 23.5 


TABLE 3 EFFECT OF INCREASING TENSION 10 PER CENT 
EACH 100 HR 
Load Hours 
at required 
rupture, to 
Bomb Ib per produce 
no Solution in bomb sq in rupture 
1 Distilled water 66400 1000 
2 Distilled water 66400 1000 
3 Sodium sulphate® 59760 800 
4 Sodium sulphate“ 63080 900 
5 Sodium 46480 400 
6 Sodium hydroxide’ 46480 470 


® Solution in bombs Nos. 3 and 4 contained 43 g of sodium sulphate per 
100 ce of distilled water. 

+ Solution in bombs Nos. 5 and 6 contained 400 g of sodium hydroxide per 
liter of distilled water. ‘ 

Nore: Average yield strength of specimens = 33,200 lb per sq in 
Average tensile strength of specimens = 58,566 ib per sq in 
Steam pressure in bombs = 95 lb per sq in., gage. 


Fie. 6 Test Rack WitH Srtx Bomss Usep For TEsTING FLAT 
BortLerR-PLATE SPECIMENS IN TENSION 


bomb of 95 lb per sq in. gage. Each specimen was spring-loaded 
and initially each was stressed in tension to an amount equal to 
10 per cent above the average yield value which, from Table 2 was 
found to be 33,200 lb per sq in. The stress was increased in incre- 
ments of 3320 lb per sq in. (10 per cent of the yield value) each 
100 hr until failure occurred. The results of this test are given in 
Table 3. 

Bombs Nos. 1 and 2 contained only distilled water and both 
specimens lasted 1000 hr and required ultimate tension applica- 
tion before they failed. There were no indications of any cracks. 

Bombs Nos. 3 and 4 contained a sodium-sulphate solution of 
43 g of sodium sulphate per 100 ce of distilled water. Trouble 
was experienced with the packing glands on both of these bombs. 
The test specimen failed in bomb No. 3 while the tension was 
being increased to 80 per cent, whereas the test specimen in bomb 
No. 4 failed at the end of 900 hr while making adjustment to 90 
per cent tension. There is little doubt but that both specimens 
would have lasted 1000 hr and required ultimate tension had it 
been possible to free the packing glands without exerting added 
tension over that imposed by the spring settings. No cracks were 
found in the specimens. 

Bombs Nos. 5 and 6 contained concentrated sodium hydroxide 
(400 g per | of distilled water). Trouble was also experienced 
with the packing gland on bomb No. 5 and the test piece failed 
at 400 hr while applying 40 per cent tension. The test piece in 
bomb No. 6 failed in 470 hr at 30 Ib per sq in. steam pressure, 
while the solution, which had been adjusted, was being heated 
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to obtain the required 95 lb per sq in. pressure. Cracks were 
located in the test specimens which were both intercrystalline 
and transcrystalline. 

A second test was run in caustic solution with an applied tension 
of 10,000 lb over the yield on the test piece in a concentrated 
solution which was gradually increased from 400 to 690 g per I. 

The test was not run continuously. Steam pressure of 95 lb was 
maintained but 47 hours, while tension was actually on the speci- 
men 214 hours. The test piece failed and both intercrystalline 
and transcrystalline cracks were found. 

In addition to the foregoing tests, an experiment was con- 
ducted with two strips of '/s-in. by 4-in. boiler plate bent over 
l-in. mandrels and placed respectively in distilled water and 
concentrated sodium hydroxide heated to 212 F for 1000 hr. 
The test piece in water was corroded but the test piece in caustic 
was not corroded although it was covered with a black oxide 
film. No cracks were present in either specimen. 

Next, a small boiler 5 in. in diameter and 3 ft long was con- 
structed consisting of a pipe welded at both ends which contained 
test pieces under tension. The test was run for 475 hr using a 
concentrated caustic solution of 400 g per | and 95 lb per sq in. 
steam pressure. The boiler did not leak and the test pieces were 
unaffected because they had, presumably, taken a permanent set. 

The test at atmospheric pressure and the test at 95 lb per sq in. 
gage pressure in the welded boiler were conducted to emphasize 
that failure in caustic requires the metal to be constantly stressed 
well over the yield point. 


2—FACTORS CONTRIBUTING TO THE DEVELOPMENT 
OF ABNORMAL STRESSES IN METAL SUBJECTED TO 
EMBRITTLING CONDITIONS 


This section is devoted to (A) a consideration of those stresses 
developed in the plate as a result of high riveting pressures, and 
(B) the character of the metal in regard to impurities. 


(A) Riverine PRESSURES 


It has been stated that faulty workmanship alone has not been 
found to be the cause of embrittlement, although it has been 
recognized that poor workmanship may result in fissures and 
crevices between sheets, joints, and sheets and rivets. Such 
faults create points where high concentration can develop. In 
addition to such faults in workmanship as these, there is that 
one involving the creation of abnormally high stresses, which all 
investigators have agreed as being essential to the development 
of embrittlement in the presence of caustic solutions. It is the 
consensus of opinion that continuous stresses well above the 
yield point are necessary. 

One factor, governed largely by plant practice, which functions 
to produce abnormally high stresses in boiler plate is the riveting 
pressure used in fabricating a seam. The pressures used in the 
fabrication of locomotive boilers often exceed 150 tons per sq in. 
The hydraulic pressure used in riveting the seams of the experi- 
mental boiler discussed in part 1 was 75 tons per sq in. 

In order to obtain information as to the character of the seam 
produced by different riveting pressures the following test was 
conducted. Two sections of standard boiler plate were riveted 
together using a hydraulic pressure of 185, 175, 155, and 75 tons 
per sq in., respectively, on four successive rivets. The section 
formed by the two plates thus joined was cut in two in such a 
manner as to reveal a longitudinal section through the rivets. 
The nature of the metal adjacent to the four rivets is shown 
in Figs. 7, 8, 9, and 10. 

It is interesting to note that the plate subjected to the lowest 
pressure was free from distortion. It was asa result of this ex- 
periment, that the rivets in the circumferential seam of the experi- 
mental boiler were driven at 75 tons per sq in. The test boiler 
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withstood a hydrostatic test of 250 lb per sq in. without leaking. 
Water was placed in the boiler and operated 16 hr at 200 lb per 
sq in. gage pressure. No leaks developed indicating that the 
rivet pressure used was sufficient to produce a leak-proof seam. 
Related to the pressure used in riveting a seam during the 
fabrication of a boiler is the structure of the rivet metal. This 
structure is affected by the heat-treatment the rivet receives while 
being heated for riveting and the work done upon it while being 
driven. The proper heat-treatment of a rivet is important and 
necessary to insure the most effective crystal structure. 


(B) CHARACTER OF THE METAL IN REGARD TO IMPURITIES 
Segregation of impurities has always been considered an im- 


portant factor in steel manufacture and while rigid specifications 


7 Nature or Merat Apsacent To Rivets Duiven at been prepared to assure proper chemical and physical prop- 
PRESSURE OF 185 Tons PER Sq IN. 


Fic. 11 LonerrupiInaL Section or Rivets SHOWING THE HIGHER 
Fic. 8 Nature oF Metat Apsacent To Rivets DRIVEN at A SuLpHuR CONTENT AT THE CORE 
PRESSURE OF 175 Tons PER Sq IN. 


Fic. 9 Nature or Mera, ApDJacent To Rivets Driven ata Fie. 12 Cross SecTION oF Rivet SHOWING THE HIGHER SULPHUR 
PRESSURE OF 155 Tons PER Sq IN. CONTENT AT THE CORE 


Fic. 10 Nature or Meta Apsacent To Rivets DRIVEN AT a Fic. 13 ANoTHER Cross-SECcTIONAL View oF A Rivet SHOWING 
Pressure OF 75 Tons PER Sq IN. THE HiGHER SULPHUR CONTENT AT THE CorRE 
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Fig. 14 


erties, yet it is possible to have a condition of segregation in 
rivet steel which routine inspection would not detect. 

For example, several rivets were selected at random, split 
lengthwise and etched to reveal a core much higher in sulphur 
content than the surrounding metal as shown in Figs. 11, 12, 
and 13. The core extended well into the head and when driven 
was spread out so that the entire segregated area was in contact 
with the boiler plate. This condition of sulphur segregation 


Fic. 15 PHOTOMICROGRAPH OF SECTION OF PLATE FROM CRACKED 
BorLeR SHOWING SEPARATION BETWEEN CrysTALs (X 100) 


Fic. 16 Untrorm CRryYsTALLINE STRUCTURE IN THE SAME SPpECI- 
MEN (xX 100) 


Fic. 17 NonuntrorMm CRYSTALLINE STRUCTURE IN THE SAME 
SPECIMEN (X 100) 
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SecTION OF PLaTEe From (RACKED BotLeR REVEALING LAMINATED CONDITION 


Fic. 18 PHoromMicroGRAPH OF A CAR JOURNAL WHICH FAILED IN 
SERVICE, SHOWING CRACKS FOLLOWING THE GRAIN BOUNDARIES 


would not be tolerated in other classes of material entering into 
locomotive construction such as main rods, piston rods, and 
crankpins, and should not be tolerated in rivets until definite 
proof is advanced that the condition is not a contributing factor 
to boiler failures. 

Lamination in boiler plates also deserves attention. On etching 
the end and side of a section taken from a cracked boiler the sepa- 
ration was quite noticeable as is shown in Fig. 14. A micrograph of 
a smal] section showed separation between crystals as shown in Fig. 
15, which could easily bave been taken as a corrosion crack had the 
operator not been informed regarding the history of the piece 
under examination. 

In the course of the investigation, a question was asked con- 
cerning the possibility of taking photomicrographs which would 
+end to accentuate certain conditions in the specimen under exami- 
nation and ignore other factors which would have a bearing on the 
subject had they been revealed. The question was asked because, 
in examining an embrittled specimen, emphasis was laid on 
cracks which encircled crystal boundaries and ignored those 
cutting directly across the grain. Metallographers will no doubt 
admit that it is comparatively simple in some cases to show a 
uniform and nonuniform crystal structure in the same specimen 
within #/,. in. radius as shown in Figs. 16 and 17. It is equally 
true that in examining embrittled specimens, intercrystalline or 
transcrystalline cracking may be shown at the will of the operator 
provided both types are present. 

Intererystalline cracking has been advanced as being char- 
acteristic of caustic embrittlement, but during the course of this 
investigation, a car journal which failed in service was examined 
for possible defects, and cracks were located which plainly fol- 
lowed the grain boundaries as indicated in Fig. 18. 

The theory has been advanced that cracking in boilers is 
caused by the concentration of sodium hydroxide in seams and 
riveted areas where the sulphate-alkalinity ratio recommended 
by the A.S.M.E. has not been followed, that the cracking is in- 
tercrystalline in character, and that no embrittlement has been 
experienced with waters conforming to the A.S.M.E. ratios. On 
considering the evidence which was accumulated as a result of 
this investigation on boiler steel under tension in contact with 
concentrated sodium hydroxide, this theory apparently has been 
strengthened if intercrystalline cracking is to be accepted as the 
one outstanding characteristic of caustic embrittlement. In 
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Fic. 19 Borer ContTaAInInG Cracks IDENTICAL WITH 
Tose FouNnD IN THE EXPERIMENTAL BOILER BUT SHOWING No 
INTERCRYSTALLINE CRACKING 


Fic. 20 PHOTOMICROGRAPH OF BoILER PLATE CONTAINING CRACKS 
IpentTIcCAL WitH THosE FouND IN THE EXPERIMENTAL BOILER 
BuT SHOWING No INTERCRYSTALLINE CRACKING 


so far as the actual cracking of boiler plate is concerned, con- 
siderable doubt exists that a casual examination can return 
definite information regarding the type of cracking. Sections of 
plate, Figs. 19, 20, and 21, containing cracks identical with those 
found in the experimental boiler showed no evidence of inter- 
crystalline cracking. Other sections which outwardly showed the 
same type of cracking and which were known to have been in 
contact with concentrated caustic revealed both intercrystalline 
and transcrystalline cracks. 

Acceptance of the theory depends in part upon the emphasis 
which has been placed on the presence of intercrystalline cracking 
and which ignores the preponderance of transcrystalline cracks 
in the same specimen under examination. It is much more diffi- 
cult to locate an intercrystalline than a transcrystalline crack, 
which fact introduces a doubt that its presence is actually as 


Fig. 21. Cracks IN THE FIREBOX SHEET OF A BoILeR IDENTICAL 
Wits Cracks Founp IN THE EXPERIMENTAL BOILER BUT SHOWING 
No INTERCRYSTALLINE CRACKING 


important as has been stressed with relation to cracking of 
boilers. Many examples of cracking of boiler plate have been 
found and these cracks were in many instances intercrystalline, 
apparently indicating caustic embrittlement, although the boiler 
water conformed to the A.S.M.E. sulphate-alkalinity code. This 
fact either makes difficult the acceptance of intercrystalline crack- 
ing as being characteristic of caustic embrittlement or it creates 
doubt concerning the A.S.M.E. recommended code for sulpbate- 
alkalinity ratio. 


3—CONCLUSIONS 


1 Tests with an experimental boiler showed that cracking and 
failure can be produced in a boiler by using a concentrated sodium- 
hydroxide solution under pressure with abnormal stress, and that 
both transcrystalline and intercrystalline cracks are produced. 

2 Excessive riveting pressure causes deformation in the boiler 
plate adjacent to the rivet holes. 

3 Impurities or segregation in the metal may be a contributing 
cause to boiler failure. 

4 Proper heat-treatment of rivets is necessary to insure the 
most effective crystalline structure. 

5 Intercrystalline cracking can be produced in steel without 
the presence of caustic soda. 

6 Typical appearance of caustic embrittlement in cracks radi- 
ating from rivet holes can result from excessive stress where no 
caustic soda is present. 

7 If the results of this investigation confirm the theory of 
caustic embrittlement, they do so by revealing that extreme 
stress concentration is necessary to induce chemical attack. 

8 Factors other than boiler-water conditions contribute to 
boiler failures, and until such factors are corrected, failures are 
bound to occur regardless of the water used. 
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Estimation of Dissolved Solids in Boiler 
Water by Density Readings 


By J. K. RUMMEL,? SHANGHAI, CHINA, anv J. A. HOLMES,* CHICAGO, ILL. 


This paper gives (@) a description of the instruments 
most generally used in determining the amount of dis- 
solved solids in boiler feedwater, (b) the procedure for 
using these instruments, and (C) the results obtained 
with the instruments during tests of representative 
samples of boiler feedwater. 


S THE outcome of a desire to determine the accuracy of 

methods using density measurements for the estimation of 

dissolved solids in boiler water and the régulation of boiler 
blowdown, the chairman of this subcommittee! requested the 
authors to do the work incidental to making a comparison of and 
prepare a report covering the use of instruments commonly used 
for estimating the amount of dissolved solids in boiler water. 

It is a well-known fact that the boiler waters will vary in com- 
position over a considerable range and that the individual dis- 
solved solids in such waters are different in density. Thus, in 
the absence of any data to the contrary, one might assume that 
regardless of the accuracy of the density determination, it would 
not be feasible to construct a standard curve, relating density 
and the concentration of dissolved solids, which would be of prac- 
tical value. However, after a study of the available data, it is 
concluded that standard curves of this kind can be used success- 
fully in the practical control of boiler-water-dissolved solids. 

To illustrate the variations in density which may occur, curves 
for density and concentration have been drawn, Fig. 1, which 
include the most common and predominant soluble materials 
in boiler waters. It will be noted that the curve for sodium sul- 
phate lies nearly midway between those for sodium chloride and 
sodium hydroxide and the curve for sodium carbonate approaches 
that of sodium sulphate. Since sodium sulphate is usually a con- 


1 Report of Subcommittee No. 8 on Water Analysis, of the Joint 
Research Committee on Boiler Feedwater Studies. This committee 
is the Joint Research Committee of the American Boiler Manu- 
facturers Association, American Railway Engineering Association, 
American Water Works Association, Edison Electric Institute, the 
American Society for Testing Materials, and THe AMERICAN SocieTy 
OF MECHANICAL ENGINEERS, to study methods of analysis and 
treatment of boiler feedwater for stationary and railroad practice. 

2? Chief Chemist, Shanghai Power Co., Shanghai, China. Mr. 
Rummel was graduated from Pennsylvania State College in 1915, 
and then entered the research department of the Celluloid Company. 
Later he was associated for ten years with the Babcock & Wilcox 
Company, specializing in the chemistry of feedwater. 

‘Director of Service, National Aluminate Corp., Chicago, IIl. 
Mem. A.S.M.E. Mr. Holmes was graduated from the University 
of Kansas in 1922 with the degree of B.S. in chemical engineering. 
He spent two years with the Rock Island Railway as water-service 
engineer and since 1924 has been connected with his present concern, 
where his duties cover the supervision of the technical use of the 
company’s products, mainly in conjunction with water treatment, 
especially for power plants, railroads, and city filtration. 

sented at the Annual Meeting of THe AMERICAN SOcIETY 
oF MEcHANICAL ENGINEERS, held in New York, N. Y., December 
2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


siderable part of the total soluble material, and the average densi- 
ties of the other dissolved materials approach that of sodium sul- 
phate, it seems probable that this curve can be used as a general 
standard or starting point for calibration of density instruments. 
There are, of course, certain exceptions, as when a large amount of 
organic matter is present or the sodium-chloride content is ab- 
normally high. If, in these cases, more accurate results are re- 
quired, the composition of the boiler water should be studied and 
assuming that its percentage composition remains reasonably con- 
stant, a special calibration can be made. 


INSTRUMENTS USED 


In this study of the usefulness of the various instruments for 
estimating dissolved solids in boiler water from density readings, 
it was decided that no attempt would be made to secure every 
available instrument, but to secure only those most generally used. 
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Fic. 1 CurRVES oF THE Most ComMoNn 


SoLuBLE MATERIALS FounpD IN BoILeER WATER 


These instruments are illustrated in Fig. 2 and designated by 
the numbers 1, 2, 3, 4, 5,6, and 7. Brief descriptions follow: 

No. 1 is a small floating bulb, shaped like a small balloon and is 
supplied with a special thermometer graduated in grains per gal- 
lon from 0 to 505. The smallest graduation equals 5 grains per 
gal. The bulb may be used either in a hydrometer jar or a 
beaker. As little as 100 cc of sample may be used, but larger 
samples are preferred. In the absence of the special thermome- 
ter, an ordinary thermometer may be used, in which case each 
degree F represents approximately 14 grains per gal. 

The balance of the instruments are hydrometers. 

No. 2 is the largest of the group and has a stem graduated in 
units of 10 grains per gal, with a range of 0 to 500 grains. It is 
read at a constant temperature of 90 F, no temperature correc- 
tions being provided. It has an enclosed thermometer. 

No. 3 is the next largest in size. The stem is graduated in spe- 
cific-gravity units from 0.9980 to 1.0080, the smallest graduation 
being equal to 0.0002, or in terms of solids, 6.8 grains per gal when 
read at 60 F. An external thermometer must be supplied. Tem- 
perature corrections from 60 to 100 F are provided. 

No. 4 has a long narrow bulb and the stem is graduated in de- 
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grees Baumé, from 0 to 1.5, the smallest graduation being equal to 
0.1 deg Baumé, or 45 grains per gal of sodium sulphate when read 
at 80 F. It has an enclosed thermometer, graduated in terms of 
Baumé corrections, the smallest division being 0.1 deg Baumé. 

No. 5, one of the smaller hydrometers and used inside of an en- 
closed cylinder, is shaped like that used for testing batteries, but 
fitted with metal ends. A metal stopcock is attached to the 
bottom end and a large rubber bulb is attached to the top. The 
cylinder has an inside diameter of 1!/; in. The hydrometer is 
graduated in single arbitrary units from 15 to 100, with numerals 
at each fifth unit. Each unit is equal to 12 to 13 grains per gal. 
A separate thermometer graduated in units corresponding to 
those on the hydrometer is provided inside the cylinder. The 
sum of the temperature and hydrometer readings is referred to 
a chart containing calibrations for 12 different ratios of salts, 
which are given in grains per gallon. The sodium-sulphate cali- 
bration only was used. 

No. 6 is constructed along the same lines as No. 5, but the cyl- 
inder is equipped with rubber connections at the ends, like those 
for a battery tester. Also, the inside diameter of the cylinder is 
only lin. The hydrometer stem is graduated in single arbitrary 
units from 0 to 50, with numerals at each fifth division. Each 
unit is equal to 20 grains per gal. An enclosed thermometer is 
provided in the hydrometer which is equipped with both tempera- 


Usep THE TeEsTs 


ture and temperature-correction scales. On another part of this 
scale is a table giving the grains-per-gal equivalents for the cor- 
rected hydrometer readings. ‘To compensate for the narrowness 
of the cylinder, some small projections are formed around the 
outside in the top and bottom of the hydrometer bulb. These re- 
duce the area of hydrometer surface in contact with the cylinder. 

No. 7, which was submitted near the end of our tests, is of the 
long narrow type and is used in a conventional, but somewhat 
narrow cylinder of 1!/, in. inside diameter. Its stem is graduated 


TABLE 1 SIZES OF INSTRUMENTS 


Length 
Smallest —Diameter— Each graduation 
Bulb, gradua- Stem, Bulb, represents 
in. tion, mm in. i gpg ppm 
W/o A 


Overall, Stem, 


NG 


20.0 
38-53 


4 Since this instrument with its small floating bulb dapentes on tem- 
perature for ee tong the size of the graduations on the thermometer 
regulated the number of grains per gallon or parts per million per graduation. 
Therefore, for instrument no. 1, no values are given in columns 5, 8, and 
With this instrument, however, 1 deg F represents a roximately 14 grains 
per gal or 240 parts per million. The instrument used had an accompanying 
thermometer graduated to read grains per gallon directly. Each graduation 
represented 5 grains per gal. 

gpg = grains per gallon; ppm = parts per million. 
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TABLE 2 COMBINED AVERAGE RESULTS OF TESTS 


Gravimetric 


—— Average results for individual instruments—— 


-—Partial analyses, parts per million—— 


Sample Reported  3rains per grains per gal Dissolved 
no. by gal 1 2 3 4 5 6 7 NaOH NasCO; NasSO, NaCl _ solids 
1 R 100 95 100 96 66 105 80 121 
Sodium-sulphate 2 R 200 200 195 229 200 180 233 221 
solution 3 H 217 225 220 224 225 200 200 ; 
4 R 300 315 300 354 249 318 310 309 
5 R 400 420 405 442 405 448 388 428 
6 R 18 2 x 27 x Xx x 3 36 122 5 8 307 
7 H 33 35 31 35 31 48 14 a 0 17 274 41 566 
be Si H 37 46 31 50 58 3 0 0 2236 41 634 
9 R 51 55 41 64 28 57 218 101 202 89 886 
10 R 58 : 50 68 35 67 30 53 ne 132 305 189 996 
11 R 62 7 55 75 40 69 40 121 124 42 741 643 1080 
12 R 66 70 62 63 68 64 45 62 186 159 443 155 1135 
| 13 H 68 74 65 70 31 64 74 118 120 583 271 1165 
4 R 73 75 60 82 34 92 98 58 292 148 323 139 1260 
15 R 74 75 70 81 45 7 46 84 168 42 881 73 1274 
16 R 75 75 7 75 45 112 47 88 52 ll 687 352 1284 
| 17 H 90 90 85 82 76 86 51 bes 183 236 703 154 1543 
Boiler waters ) 18 H 102 102 98 104 67 110 78 ee 206 105 1063 188 1748 
19 R 148 158 150 160 112 169 140 174 674 588 567 142 2540 
20¢ R 191 126 160 187 146 183 120 149 a 95 1687b 567 3262 
214 R 205 205 220 218 194 201 215 217 429 171 2211 617 3428 
22 H 215 220 212 229 180 236 196 ae 386 65 2673 123 3685 
23 R 221 205 205 228 168 211 180 226 364 477 1510 1060 3788 
24 H 252 251 241 256 243 261 236 eat 488 178 2417 932 4319 
25d R 300 305 310 299 293 334 290 are 643 257 3317 925 5142 
| 26 R 320 $13 303 324 286 331 298 314 914 353 3051 597 5493 
| 27 H 334 337 315 342 310 345 317 ‘aa 319 2 3874 925 5725 
| 28 R 340 340 335 324 315 352 307 342 1131 699 3102 274 5821 
| 29d H 371 375 363 371 337 378 337 apes 1152 578 3137 1220 6359 
30 R 400 460 415 462 428 410 410 857 343 4422 1234 6856 
( 31 H 463 470 446 465 441 467 425 1897 872 3496 288 7936 
R = J. K. Rummel.? H = J. A. Holmes.) X = No reading possible. * Raw water sample. © Equivalent NasSO.. ¢ Organic matter high. ¢ Syn- 


thetic sample. 


in arbitrary units of from 0 to 30, each unit being equal to 38 to 
53 grains per gal, depending on the temperature of the sample. 
It contains an enclosed thermometer, with a temperature scale 
reading from 20 to 220 F. A series of curves is supplied, whereby 
the hydrometer and the temperature readings are interpreted in 
terms of grains per gallon. 

More detailed information of the sizes of these instruments is 
given in Table 1. 

Procepure Or TESTING 

In determining the practical usefulness of these instruments, 
each was used to measure the dissolved solids in a number of 
boiler-water samples from various parts of this country and of so- 
dium-sulphate solutions. 

Each sample of water used for this investigation was allowed to 
settle or was filtered to remove suspended matter, after which a 
measured portion was evaporated to dryness and baked for 1 hour 
at 180 C to determine accurately the dissolved solids. The re- 
mainder of the sample was used to measure dissolved solids by 
density readings in accordance with the directions given for the 
several instruments already described. 

In all cases the instrument was cleaned thoroughly after each 
test. It was rinsed with distilled water and dried by wiping with 
a clean cloth. While running the test, care was taken to remove 
air bubbles adhering to the instrument, since these affect the 
readings. This is especially true in the case of the small floating 
bulb. 

In making hydrometer tests, which required heating the sample 
above room temperature, the sample was mixed well just prior to 
allowing the hydrometer to come to rest for the reading. In this 
connection, a stirring rod with a loop at the bottom, turned at 
right angles to the rod, has been useful in mixing the water in open 
cylinders. 

The small floating bulb operates on the principle that as the 
sample is cooled the water increases in density. The bulb is bal- 
anced to sink in samples containing not over 500 grains per gal of 
dissolved solids when heated to approximately 140 F and it will 

rise to the surface when the sample is cooled to some lower tem- 
perature. Based on this temperature at which the bulb rises and 


on actual dissolved-solids content of samples, a curve giving the 


content of solids at any temperature between 100 and 140 F has 
been constructed. In this case the thermometer has been cali- 
brated to read directly in grains per gallon. Because of its small 
size, small samples may be used, but in this work a large sample of 
approximately 400 ce was used. A beaker or a hydrometer cylin- 
der was used to hold the sample, the manufacturer preferring the 
beaker. The sample was stirred occasionally with the thermome- 
ter and then allowed to become quiescent when the bulb showed a 
tendency to rise. All possible motion of the water was stopped at 
the time the bulb was rising. Motion occasioned by cooling of 
the water cannot be avoided, but to avoid errors from this cause, 
the use of larger containers for the samples has been recom- 
mended. 

For hydrometers which may be read over a range of tempera- 
tures, readings were usually made at several temperatures and 
in all cases two or more readings were taken. 

With hydrometers, the only tests made above 100 F were with 
the No. 7 instrument, in which case the sample was heated to 170 
F and readings were taken while it cooled to approximately 120 
F. It was found that the temperature dropped at a rapid rate at 
the start, making it difficult to obtain accurate readings. In 
general, this procedure requires considerably more practice than 
there has been an opportunity for in these tests. 

Some readings have been taken with certain of the hydrome- 
ters and samples at various temperatures, but no real effort has 
been made to check the accuracy of temperature corrections. 

Since in all cases the manufacturers furnished calibration 
charts or a method of calculating the grains per gallon of dis- 
solved solids, no calibration of instruments was attempted. In 
most cases the results agreed, at least reasonably well, with the 
sodium-sulphate curve. 


EXPERIMENTAL DaTa 


The combined average results are given in Table 2. These 
include the data for 100, 200, 300, and 400 grains per gallon of 
sodium sulphate, a raw water with 37 grains per gallon dissolved 
solids, and 29 samples of boiler water with concentrations of from 
18 to 463 grains per gallon. Some of the individual readings by 
the separate investigators are shown in Tables 3 and 4. 

As a matter of further interest Fig. 3 shows some curves of 
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TABLE 3 TEST DATA COMPILED BY J. A. HOLMES 


Solution and gravimetric Grains per gal 
1 2 a 


Sodium sulphate, 217 gpg 225 220 224 225 200 200 
i y » oo 35 25 41 cs 48 40 
30 28 41 48 10 
37 30 34 an ee 0 
40 30 27 a 
Average ‘35 #28 36 31 “48 14 
ater, 37 46 30 54 ee 0 
42 #33 54 No 10 
47 30 47 ae test 0 
Average 46 31 50 58 3 
Boil rater, 68 75 65 75 mee 64 60 
72 68 64 60 
75 68 60 
Average 74 65 70 31 64 60 
Boil yater, 90 88 88 88 re 86 24 
93 83 70 
90 85 80 60 
Average 90 85 82 76 86 51 
Boil ater, 102 100 100 109 ay 110 70 
105 95 102 10 85 
102 100° 102 rr 110 80 
Average 102 98 104 67 110 78 
Boiler water 215 gpg 220 215 232 sie 236 197 
220 210 231 iter 236 190 
222 210 224 ie 236 200 
Average 220 212 229 180 236 196 
Boiler water, 252 gpg 254 234 252 — 261 234 ' 
255 243 262 seas 261 * 232 
245 245 255 261 240 ° 
Average 251 241 256 243 261 236 
Boiler water, 334 gpg 340 315 346 aa 349 310 
335 315 340 ie 349 320 
337 ee 340 ae 337 320 
Average 337 315 342 310 345 317 
Boiler water, 371 gpg 375 365 380 pa 374 340 
375 365 367 chs 387 340 
375 360 367 peo 374 330 
Average 375 363 371 337 378 378 
Boiler water, 463 gpg 480 440 472 er 475 420 
465 450 462 one 463 425 
465 450 462 463 
Average 470 446 446 441 467 425 


* This instrument read in deg Baumé only. The readings shown repre- 
sent average of readings converted to grains per gallon by using sodium- 
sulphate factor. 

g@ = grains per gallon. 
Nove: Averages given correctly to nearest whole number. 


grains per gallon and temperature, for the small floating bulb, 
which were made in the laboratory of the Babcock and Wilcox 
Company some 10 years prior to this investigation. The solu- 
tions tested contained the same kind of materials mentioned in 
Fig. 1. 

It will be noted that the separate investigators did not work 
with duplicate samples or the same samples. Thus, no attempt 
has been made to determine the errors, occasioned by different 
operators and slightly varying methods of procedure. 


CONCLUSIONS AND RECOMMENDATIONS 


1 Since all of the instruments used give some results that come 
reasonably close to the dissolved solids, as determined gravi- 
metrically, there are insufficient data available to condemn any 
particular instruments. However, it is possible to express cer- 
tain preferences. In this, instruments 1, 2, and 3 have been 
listed in the order of preference. Instrument 6 is probably the 
least reliable, but may be improved by using a larger cylinder. 
Some of the other instruments may give better results after more 
experience on the part of the operators and possibly with some 
better method of calculating the dissolved solids from the read- 
ings. 

2 These density instruments are preferably floated in cylin- 
ders of at least 2 in. diameter, but it is possible to calibrate them 
for a smaller cylinder of, say, not less than 1'/; in. diameter. 

3 Of the hydrometers, those with the greatest displacement 
and smallest diameter of stem seem to be the most reliable. 


TABLE 4 TEST DATA COMPILED BY J. K. RUMMEL 


Gravimetric 
grains per Grains per gallon for individual instruments 
gallon 2 3 4 5 6 7 
18 20 34 
18 20 20 
51 55 41 ve 61 30 30 
51 55 41 oh 67 20 60 
80 
58 68 35 67 30 60 
58 50 68 35 67 30 50 
58 50 
62 70 50 61 40 86 40 80 
62 60 to 40 80 40 to 
62 85 reer 80 40 160 
62 80 40 
66 70 62 63 68 67 40 50 
66 ae 62 63 68 61 50 60 
66 75 
73 75 60 82 23 50 
73 be 60 82 45 to 
73 ate 85 
74 75 70 88 45 74 30 70 
74 70 75 45 77 to to 
74 aa 74 60 100 
75 75 70 75 45 112 40 75 
75 70 75 45 112 & to 
75 es 50 105 
148 158 150 155 112 169 140 135 
148 150 160 112 169 140 to 
148 200 
191 125 160 190 146 185 110 120 
191 127 160 183 146 188 120 to 
191 127 Pa 175 130 175 
200 205 220 218 194 201 210 200 
200 220 218 194 201 220 to 
200 250 
221 205 205 234 170 201 180 210 
221 205 221 165 220 180 to 
221 240 
300 305 310 299 270 328 290 F 
300 310 299 315 341 200 
320 310 290 326 290 328 295 290 
320 315 315 320 281 330 300 to 
320 326 281 334 300 340 
340 340 335 374 315 350 305 325 
340 335 374 315 353 310 to 
340 353 305 360 
400 460 410 462 405 410 410 
400 460 415 462 to 410 410 
400 420 450 
2800 
2400 | 
| 
© 2200- | 
© 2000 acd 
& 1800; | 
£ 1600 4 
6 !400r 
4 
5 1200 
% 1000+ 
| 
800 
©00Fr 
400 
200- 


100 120 140 160 180 200. 220 240 260 
Temperature, Deg F 


Fig. 3 CONCENTRATION-TEMPERATURE CURVES From Data 
WITH INSTRUMENT No. 1, THE SMALL FLoatinG 


4 The stem is preferably graduated to read directly in terms 
of dissolved solids with divisions for each 5 to 10 grains per gal, or 
each 100 parts per million. 

5 Excluding the floating bulb, the thermometer is preferably 
a part of the hydrometer, with graduations in terms of dissolved 
solids representing the value to be added or subtracted from the 
stem reading. 

6 The calibration of the instrument in terms of dissolved 
solids is preferably based on the density-dissolved-solids curve for 
sodium sulphate, but may be modified to suit some particular 
type of water. 
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7 The temperature at which the hydrometer is calibrated is 
preferably near that of the room, say 80 F, and the directions for 
operation should specify such a temperature. Thus, difficulties, 
due to making large temperature corrections and rapidly chang- 
ing temperatures, can be avoided. If high temperatures are 
used, a number of readings should be taken as the sample cools 
and the operator should be experienced in making rapid, accurate 
readings. Also, it is advisable to mix the sample thoroughly 
prior to making readings. 

8 The use of hydrometers in enclosed cylinders, like those for 
instruments 5 and 6, is objected to on account of the difficulty 
of their removal for cleaning. 

9 Allinstruments should be kept in a clean condition, and gas 
bubbles, in particular, should be removed prior to taking read- 
ings. These bubbles are often present when the sample is heated 
to a temperature considerably above that of the room, as in the 
case of the small floating bulb. This instrument is especially 


sensitive to adhering gas bubbles, some of which may be very 
small. 
10 Density instruments of the preferred type and used in 
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accordance with the foregoing recommendations are concluded 
to be sufficiently accurate for control purposes in regulating the 
concentrations of dissolved solids in boiler waters. This is espe- 
cially true for boiler waters containing more than 100 grains per 
gal of dissolved solids, although some may be used to advantage 
for concentrations near 50 grains per gal. 

11 These instruments should not be relied on implicitly, 
particularly where the conditions for accurate readings are not 
favorable. Occasional check determinations by the gravimetric 
method should be made and, if necessary, the instrument calibra- 
tion corrected to suit the type of water at a particular plant. 
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Effect of Solutions on the Endurance of Low- 
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Carbon Steel Under Repeated Torsion 
at 482 F (250C) 


By W. C. SCHROEDER,? NEW BRUNSWICK, N. J., ano E. P. PARTRIDGE,* PITTSBURGH, PA. 


The stresses to which the steel in a boiler is subjected 
may be divided into (@) static stresses and (6) repeated 
stresses. A great deal of experimental work at boiler- 
water temperatures has been directed toward the deter- 
mination of the effect of solutions on the physical proper- 
ties of the steel as measured by static tests, but repeated- 
stress testing under these conditions has received com- 
paratively little attention. 

In the investigation discussed in this paper, repeated 
torsion testing with a rather slow repetition of the stress 
was used to measure the comparative effect of air, water, 
sodium hydroxide, and other solutions on steel at 482 F. 

Under thé conditions investigated it was found that 
water caused failure more rapidly than air, and sodium 
hydroxide caused failure more rapidly than water. 


HE stresses to which the steel in a boiler is subjected may be 
[ eividea into static stresses and repeated stresses. Both of 
these stresses may play an important part in the type of 
failure called embrittlement failure. The origin of the static 
stresses is inherent in the design of the boiler to withstand the 
steam pressure or structural load. The repeated stresses, how- 
ever, are in the main incidental to the operation of the boiler. A 
wide difference can exist in the rate of repetition of any given 
stress. Heating and cooling the boiler may cause a stress which 
is only repeated at intervals of several hundred hours. Tem- 
perature fluctuations and corresponding pressure variations may 
cause stresses which are repeated at intervals of a few minutes. 
Rapid vibrations, occurring many times a minute, arise from 
surges of water, from the rapid circulation of the water through 
the tubes and drums, or from the operation of related equipment. 
In the case of the locomotive boiler there is a further possibility 
of rapid and severe repetition of stress due to motion of the loco- 
motive as it travels over the rails. 
Laboratory investigations concerned with the effect of solutions 
upon the behavior of steel at boiler temperatures have been re- 


1 Progress Report No. 7, of the Joint Research Committee on 
Boiler Feedwater Studies, published by permission of the Director, 
U. S. Bureau of Mines. This investigation was conducted under a 
cooperative agreement between the Joint Research Committee on 
Boiler Feedwater Studies and the United States Bureau of Mines. 
It was supervised by a subcommittee of which J. H. Walker is chair- 
man, and carried out at the Nonmetallic Minerals Experiment Sta- 
tion of the Bureau of Mines, maintained in cooperation with Rutgers 
University at New Brunswick, N. J. The Joint Research Committee 
on Boiler Feedwater Studies is sponsored jointly by the American 
Boiler Manufacturers’ Association, American Railway Engineering 
Association, American Water Works Association, Edison Electric 
Institute, the American Society for Testing Materials, and THe 
AMERICAN SocteTy oF MECHANICAL ENGINEERS, to study methods 
of analysis and treatment of boiler feedwater for stationary and 
railroad practice. 

? Research Chemical Engineer for the Joint Research Committee 
on Boiler Feedwater Studies, attached to Nonmetallic Minerals 

riment Station, U. S. Bureau of Mines, Rutgers University, 
New Brunswick, N..’. Mr. Schroeder received the degree of Ph.D. 
from the University of Michigan in 1933 and since that time has 


Sodium chloride and sodium sulphate in water solution 
had no different effect from that of wateralone. Sodium 
carbonate and tri-sodium phosphate in water had about the 
same effect as sodium hydroxide. The addition of sodium 
carbonate in solution, or sodium sulphate as excess solid 
to the sodium hydroxide did not prevent the action of 
the sodium hydroxide in these repeated torsion tests. 

It was found that by the addition of either sodium or 
potassium chromate, or sodium nitrate to the sodium- 
hydroxide solutions, the action of the sodium hydroxide 
could be prevented and the endurance of the specimen 
under the test conditions could be brought up to a value 
at least as high as that for water alone. 

The endurance of the specimens does not appear to 
have been directly related to surface corrosion or pitting, 


stricted in general to static tests. The results secured have been 
of value but there has been reason to believe that tests carried 
out under the same conditions of temperature and solution com- 
position with repeated stress would yield still more significant 
information. 

Some interesting results from a series of tests conducted at 
482 F (250 C) on steel subjected to repeated stress in torsion 
while in contact with various solutions are described in this paper. 
Although this work is only in its early stages, three important 
conclusions seem justified: 

1 Contact with pure water or with solutions of such salts as 
sodium chloride, sodium carbonate, and sodium sulphate, as well 
as sodium hydroxide, very markedly lowered the endurance of 
the specimen under repeated torsion as compared with its endur- 
ance under the same conditions in contact with air. 

2 The reduction in the endurance of the specimens caused by 
contact with water or aqueous solutions in the absence of oxygen 
was apparently not due to localized corrosion or pitting of the 
steel surface. 


conducted investigations on scale formation, analytical methods, 
high-temperature solubility, and the effect of solutions on steel. 

’ Chemical Engineer, Hall Laboratories, Inc., Pittsburgh, Pa. 
Mr. Partridge received his Ph.D. from the University of Michigan 
in 1928, and until he was appointed to his present position was 
supervising engineer, Nonmetallic Minerals Experiment Station, 
U. S. Bureau of Mines, Rutgers University, New Brunswick, N. J. 
He has investigated formation and properties of boiler scale, solu- 
bility equilibria in boiler waters, recovery of potassium salts from 
various minerals, and the effect of combined stress and chemical 
attack upon boiler steel. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting of THe AMBRICAN 
Soctmty or MecHanicaL Enarneers, held in New York, N. Y., 
December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary. 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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3 The effect of sodium hydroxide in reducing the endurance 
of the steel can largely be prevented with sodium chromate or 
sodium nitrate. 

The experimental work will be described in the order of (1) the 
design of the equipment, (2) the properties of the steel which was 
used, (3) the tests with various solutions, and (4) the type of 
failure produced. 


DgsIGN OF EQUIPMENT 


One of the chief characteristics of embrittlement cracking in 
boilers has been the lack of elongation of the metal near the point 


TABLE 1 REDUCTION OF ENDURANCE OF BOILER STEEL 
IN REPEATED TORSION TEST AT 250 C WHEN IN CONTACT 
WITH WATER AND CONCENTRATED SODIUM-HYDROXIDE 


SOLUTION 
Medium Time in medium, br Number of ¢wists to failure 
Air 12 23 
Air 13 25 
Water 10 
Naor 10 
NaOH? 6 12 


* Solution contained 50 g of NaOH per 100 g of water. 


of failure. In laboratory tension tests, 
a marked reduction in elongation has 
also been evident when the specimen 
was broken in contact with a sodium- 
hydroxide solution at high temperature 
as compared with the elongation when 
the specimen was in contact with air or 
water. Since elongation is a demonstra- 
tion of ductility, these results suggested 
the use of a method which would meas- 
ure the ductility of steel under repeated 
stress while in contact witb solutions of 
various compositions. 

To subject a steel specimen to a re- 
producible repeated stress, while in con- 
tact with solutions at an elevated tem- 
perature and pressure, involves several 


7 


LL 


problems. After consideration of the S 
experimental difficulties inherent in N SBN 
various types of stress application, re- NSN 
peated torsion was chosen as the most SS * 


feasible. It should be emphasized here 
that while a torsion test superficially 
has little resemblance to the stress con- 
ditions in a riveted boiler seam, what 
actually appears to be most significant 
in causing embrittlement cracking is not the average stress on an 
entire cross section of metal but rather the local stresses within 
individual grains or between adjoining grains. The use of torsion 
provides a simple means of producing local stresses, which, be- 
cause of the highly heterogeneous structure of steel, can scarcely 
be distinguished from the local stresses caused by the application 
of a tensile pull or a bending moment to the aggregate of many 
individual grains. 

For preliminary tests, two small bombs equipped with pack- 
ing glands were built so that a specimen 0.25 in. in diameter and 
1.5 in. long could be twisted back and forth by hand until failure 
occurred. Tests were carried out at 482 F (250 C) on steel speci- 
mens in contact with air, water, and a solution containing 50 g 
of sodium hydroxide per 100 g of water, each specimen being 
twisted through 40 deg in each direction from the starting posi- 
tion at half-hour intervals. The results of six tests carried out 
in this manner are shown in Table 1. The effect of the sodium 
hydroxide was to reduce the number of twists to failure by about 
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50 per cent, while water alone seemed also to have a definite 
though small effect. 

On the basis of these results equipment was built for carrying 
out torsion tests mechanically through a range of angles varying 


Fig. 2 


THERMOSTAT FOR REPEATED TORSION TESTS 


downward from 25 deg on each side of the zero point. The bomb 
used for holding the specimen and the solution is shown in Fig. 1. 
The test piece, having a reduced section 0.25 in. in diameter and 
1.5 in. long between radii, prepared on the lathe by preliminary 
machining and a careful fine grinding, was forced into the hole in 
the exact center of the nut in the bottom of the bomb and pinned 
in place. The upper end was pinned in the holder attached to 
the rod passing through the packing gland. By means of a gear 
attached to the upper end of this rod the specimen was twisted 
back and forth through any desired angle. 

Five bombs were mounted in the heavy rack inside the thermo- 
stat shown in Fig. 2. A gear wheel was then fastened to the 
shaft projecting upward from each bomb and a spring was 
mounted in place to maintain a constant low tension on the test 
piece. The gear wheels were driven by worm gears on a counter- 
shaft, the direction of rotation being changed by reversing the 
driving motor. The reversing switch, shown in Fig. 2 between 
the first and second bombs, controlled the point of reversal 
within 0.1 deg. 

The primary function of the spring mounted on each bomb was 
to disengage the gear from the worm after the specimen was 
broken, thus stopping the counter which was attached to each 
bomb. This spring also made it possible to keep the same ten- 
sion on the specimen whether the bomb was under steam pressure 
from the solution or whether it simply contained air. The spring 
load was adjusted according to the calculated steam pressure to 
give a total load of 300 lb, which was equivalent to a tensile pull 
of about 6000 lb per sq in. on the specimen. 

The temperature of the thermostat was controlled by a record- 
ing potentiometer and one of the bombs was equipped with & 
thermocouple inserted opposite the base of the test specimen to 
check the temperature within the bomb. 

One point requires further emphasis. It will be noticed from 
Fig. 1 that the bomb was equipped with a packing gland which 
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exerted considerable friction on the rod twisting the specimen. 
Since, however, the force required to turn the specimen was not 
measured, but rather the specimen was twisted through a definite 
are at a constant rate, this friction introduced no uncertainty. 
It is necessary, however, in this method of experimentation, to 
refer results not to a stress applied to the test piece, but to 
strain produced in the test piece. 

The actual distortion which the specimens suffered during the 
torsion testing, even at the lowest angle of 3.6 deg, was much 
greater than stecl usually endures in practice. It was absolutely 
necessary to use either a large distortion or’a very rapid period 
for reversal of the stress in order to secure a test period which was 
of a reasonable length of time. The tests reported in this paper 
have all been carried out with a distortion angle of 3.6 deg or 
greater and a rather slow cycle period, but it is also planned to 
earry out further tests with a small distortion angle and a rapid 
reversal of the stress. 


PROPERTIES OF THE LOW-CARBON STEEL 


The steel used in the investigation was prepared by the Car- 
negie Steel Company in the form of a plate, 1 in. thick, 60 in. long, 
and 48 in. wide. Its physical and chemical properties are shown 
in Table 2. The torsion-test specimens were sawed from the 
plate in the form of square bars and were then machined to the 
desired size. Since the maximum diameter of the finished speci- 
men was 3/s in. and the plate was 1 in. thick, two test specimens 
were secured from each thickness of the plate. 

The properties of the steel in torsion from room temperature to 
325 C are shown in Fig. 3. The data indicate that the ultimate 
torsional strength decreases, reaching a minimum around 200 C. 
The angle of strain at the time of yielding increases to 200 deg and 
then falls sharply. The load at the yield point reaches a maxi- 
mum near 200 C. All the values shown in Table 2 were deter- 
mined on specimens with a reduced section */; in. in diameter X 
1'/, in. long, since these dimensions gave load values and distor- 
tion angles which were best suited to the torsion-testing equip- 
ment. 

The dashed lines shown in Fig. 3 do not indicate the actual 
course of the change for the various values but simply serve to in- 
dicate the position of one set of points with respect to another. 
Results secured for physical properties in torsion are likely to be 
influenced sharply by temperature and it would be necessary to 
secure additional points at other temperatures to determine fully 
the course of the curve. 

The equipment used for carrying out these tests applied the 
load to the specimen by the successive addition of weights. After 
each increase in load, the angle of deflection was measured to the 
nearest 0.2 deg. The rate of loading was kept as constant as 
possible, and the total time to failure was about 15 min. The 
friction in the pulley, cable and weight system was measured and 
was found to be insufficient to produce a measurable effect in the 
results. The specimens were immersed in a hand-controlled 
electrically heated oil bath for the high-temperature tests. 

The concentration of stress in the specimens where the radius 
from the heavy end section joined the reduced section caused some 
difficulty with failure in this region. This fact may account for 
some of the variation in the ultimate strength shown in Fig. 3 but 
it did not produce a marked effect on the other properties, which 
are of the most importance in the present work. 

At 250 C the yield point is found to occur at approximately 1.2 
deg for the */s-in. specimens. Since the torsion test really repre- 
sents shear it is possible to calculate with reasonable accuracy the 
yield point for the '/,in. specimens from this value. The speci- 
mens have the same length of reduced section so that the yield 
angle is inversely proportional to the radius. For the 1/¢in. 
Specimen the yield angle is then approximately 1.8 deg. In the 
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TABLE 2. TENSILE PROPERTIES OF THE LOW-CARBON STEEL 
AT ROOM TEMPERATURE 
Tensile 
strength, 
Ib per sq in. 


Yield 
strength, 
b per sq in. 


Reduction 
of area, 
per cent 


Specimen Elongation, 


per cent 


B2.7 
4.0 


: A ladle analysis of the low-carbon steel showed 0.17 per cent C, 
0.47 per cent Mn, 0.021 per cent P, and 0.039 per cent S. 
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tests run in the torsion bombs, the angles used were above the 
yield angle. 


Tests Arr, WATER, AND Sopitum HyDROXIDE 


In considering the experimental results from the repeated tor- 
sion tests described in this report, it should be remembered that 
the object was not to obtain complete stress-cycle, or rather 
strain-cycle, curves to define the endurance limit of the steel, but 
instead to compare the effect of solution composition on the en- 
durance of the steel as measured by the number of cycles to 
failure. 

A series of repeated torsion tests, run respectively with air, 
water, and a concentrated solution of sodium hydroxide in the 
bombs, has produced the results plotted in Fig. 4 on a logarithmic 
scale. All the curves, as might be expected, show a rapid in- 
crease in the number of cycles to failure with decrease in the angle 
through which the specimens were twisted. It is apparent from 
the results that, for any given strain, as measured by the angle 
of twist, both the water and sodium-hydroxide solution caused a 
sharp decrease in the number of cycles to failure as compared to 
air. This is more obvious in Fig. 5 where the number of cyles to 
failure at two different angles is plotted on an arithmetical scale 
for air, water, and sodium hydroxide. In general the difference 
between water and air is somewhat greater than the difference 
between sodium hydroxide and water. 

The concentrated sodium-hydroxide solution decreases the 
number of cycles to failure to about one fifth of the value for air 
alone. As in all fatigue testing, there is some scattering of the 
data but the differences between the effect of air, water, and so- 
dium hydroxide are sufficiently great so that the results may be 
distinguished readily. 

The effect of water may appear surprising until the reac- 
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tions which are involved are considered. In all cases, as dis- 
cussed in a previous paper,‘ the actual reaction is between the 
iron and water to form iron oxide and hydrogen. Ordinarily, in 
the absence of oxygen, the iron oxide resulting from the reaction 
very quickly forms a protective coating over the surface of the 
steel which is almost impenetrable to the water and the reaction 


* “A Critical Summary of Published Information Relating to the 
Embrittlement of Boiler Steel,” by E. P. Partridge and W. C. 
Schroeder, Metals and Alloys, vol. 6, 1935, June, pp. 145-149; July, 
pp. 187-191; September, pp. 253-258; November, pp. 311-316; 
December, pp. 355-359. 
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is practically stopped. Ii, however, as in the present case, a re- 
peated mechanical strain constantly tends to disrupt this coating, 
the reaction between the water and the steel can continue, result- 
ing in both chemical attack by the water (corrosion) and the ef- 
fect of the released hydrogen in rendering the steel less ductile. 
In the reaction between steel and water, sodium hydroxide plays 
the réle of increasing the solubility of iron oxide in the solution, 
thereby tending to destroy the protective oxide coating. It 
would be expected, then, under the conditions existing during the 
repeated-torsion tests, that water would have somewhat the same 
effect as the sodium-hydroxide solutions and that the difference 
would be one of degree rather than character. This is exactly 
the result obtained. 

The effect of varying the concentration of sodium hydroxide on 
the number of cycles to failure is shown in Fig. 6. As the con- 
centration of sodium hydroxide is increased there is a steady de- 
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crease in the number of cycles to failure until at 100 g per 100 g 
of water the value has decreased to about one third that required 
to cause failure in water alone. 

The sodium-hydroxide solutions used in the tests reported in 
this paper were prepared by diluting a stock solution of Baker's 
ep sodium hydroxide which was stored in a paraffined bottle. 
This stock solution was kept saturated at room temperature in 
order to settle out, as far as possible, sodium carbonate or other 
impurities which might be present. 

The results which have just been shown are in good agreement 
with those obtained by Holzhauer® in testing a cylindrical speci- 
men subjected to tensile stress alternating between a minimuD 
and maximum value 280 times a minute. The minimum stress 
was usually 7400 lb per sq in. and the specimens were notched. 
The equipment has been described more completely in a previous 
progress report. Some of the results obtained with this repeated 
tensile test are shown in Fig. 7. It is seen that water had a very 
definite effect in lowering the endurance limit as compared with 
air, and that a concentrated sodium-hydroxide solution decreased 
it still further. More particularly, it should be noted that for 8 
maximum stress higher than the endurance limit in air, the steel 
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would withstand a definitely smaller number of cycles in water 
than in air, and a still smaller number in a concentrated solution 
of sodium hydroxide. 

Holzhauer® shows « protective effect due to dilute sodium- 
hydroxide solutions which was not obtained in the torsion tests 
reported in this paper. The torsion tests also show a greater 
difference between air and water but in view of the marked differ- 
ence in experimental procedure the qualitative agreement is 
quite satisfactory. 

The relative intensity of attack by water and by a concentrated 
solution of sodium hydroxide on steel during the torsion tests is 
illustrated in Fig. 8, which shows the surfaces of two specimens 
each twisted for approximately 33,000 cycles at an angle of 3.6 
deg and at a temperature of 482 F (250 C). The specimen with 
the rough surface was in contact with a solution containing 50 g 
of sodium hydroxide per 100 g of water, while the other was in 
water alone. Although the test was stopped before failure, a 
number of large cracks had appeared on the specimen in sodium 
hydroxide, whereas the one in water was not cracked at all, in 
fact, was apparently in about the same condition as when it was 
placed in the bomb. Whether the strain equivalent to the small 
angle of 3.6 deg, which is 1.8 deg above the yield point, would have 
caused the specimen in water to develop cracks in a reasonable 
time, or whether this value was too close to the endurance limit 
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for the steel in contact with water cannot be stated until more 
extended tests have been completed. 

Effect of Sodium Carbonate, Tri-Sodium Phosphate, Sodium 
Chloride, and Sodium Sulphate. ‘The effect of sodium carbonate, 
trisodium phosphate, sodium chloride, and sodium sulphate, all 
in solution are compared in Fig. 9 with the results produced by 
water and sodium hydroxide. Points in the area for water indi- 
cate that the concentration of added salt shown by the ordinate 
does not cause any different effect from water alone; points near 
the sodium-hydroxide curve or in the region for failure in sodium 
hydroxide indicate that the weight concentration of the salt 
which was added has almost the same effect as an equal weight 
concentration of sodium hydroxide. 

The solutions of sodium carbonate and tri-sodium phosphate 
with the exception of one case out of nine, were as effective as so- 
dium hydroxide in decreasing the number of cycles to failure. 


— 


*“Ermiidungsfestigkeit von Kesselbaustoffen und ihre Beein- 
flussung durch chemische Einwirkungen” (‘‘Endurance Limit of 
Boiler Steel and the Effect Upon It of Chemical Attack’’), by C. 
Holzhauer, Mitteilungen der Materialpriifungsanstalt, Technischen 
Hochschule Darmstadt, no. 3, 1933, V.D.I. Verlag, Berlin, Germany. 
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The solutions of both of these salts were approximately saturated 
at the test temperature. 

The solution of sodium chloride did not seem to exert any ap- 
preciable effect, the number of cycles to cause failure falling 
within the same range as for water alone. A solution containing 
10 g of sodium sulphate per 100 g of water similarly did not pro- 
duce any different effect from water. 
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Many engineers acquainted with the work of McAdam on cor- 
rosion fatigue may be inclined to attribute the effect of water and 
aqueous solutions in the repeated-torsion tests to the mechanism 
he has described, which may be summarized as follows: (1) Cylic 
stress accelerates the chemical attack of the water upon the metal, 
producing pits which are sharper and deeper than those resulting 
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from corrosion in the absence of stress. (2) The stress upon the 
sound metal at the base of a pit is continuously increased as the 
pit: develops, and this increasing stress correspondingly increases 
the rate of attack. (3) Ultimately the metal is so weakened by 
the corrosion process that cracking by ordinary fatigue is induced 
and continues to failure. 

This process of stress corrosion and corrosion fatigue was, how- 
ever, observed by McAdam during experiments in which steel was 
subjected to cyclic stress at room temperature and in free con- 
tact with air, conditions which led him to discount the possibility 
of any embrittlement of the steel by hydrogen resulting from the 
corrosion process. Under the decidedly different conditions of 


Fie. 10 ErFrrect oF a or 100 G or Soptum Hyproxipg 
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high temperature and substantial absence of oxygen existing in 
the present repeated-torsion tests, it seems probable that hydro- 
gen embrittlement may have played an important part in acceler- 
ating failure. Indirect evidence in support of this hypothesis is 
presented in Fig. 10, which shows the surface of two specimens 
from the repeated-torsion tests, the rough one broken in a solu- 
tion containing 100 g of sodium hydroxide per 100 g of water, and 
the smooth one in a solution containing 20 g of sodium carbonate 
per 100 g of water. It is evident from Fig. 10 that, if corrosion 
had been an important factor in producing the failure of the speci- 
men, the one in contact with sodium hydroxide should have failed 
much the more rapidly. Actually, the specimen in sodium hy- 
droxide failed in 735 cycles and the one in sodium carbonate in 
956 cycles as compared with values of from approximately 3900 
to 4700 cycles in air. The fact that the specimen exposed to the 
sodium-carbonate solution endured only a slightly greater number 
of cycles than the one in contact with the sodium-hydroxide solu- 
tion, although its surface was free of any selective corrosion, is 
strong evidence for some specific action of the solution quite in- 
dependent of pitting. This same specific action, which the authors 
believe may be embrittlement by hydrogen, must also have been 
responsible for the reduction in endurance caused by water alone, 
since the specimens from these tests also showed smooth shiny 
surfaces, without any visible traces of pitting. Microscopic ex- 
amination of the cracks produced in water, and in dilute solutions 
of sodium hydroxide and of sodium carbonate has not shown pits 
at the point where the cracks start from the surface of the speci- 
men, nor is there any difference between these specimens and 
similar specimens broken in air. 
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TABLE 3 EFFECT OF MIXTURES OF SODIUM HYDROXIDE 
WITH SODIUM CARBONATE, SODIUM CHLORIDE, AND SODIUM 
SULPHATE 

Grams of Grams of Average Average 
NaOH compound Cycles cycles no. cycles 
Specimen per 100g Added per 100 ¢ to to without 
no. of water compound of water failure failure added salt 
31.47 25 Na:COs 12.0 632 
31.48 25 NasCOs; 12.0 1234 933 1309 
31.49 25 NarCOs 4.8 1245 
31.51 25 Na:CO; 4.8 1056 1150 1309 
31.52 25 Na:CO; 1.2 1387 
31.53 25 Na:COs 1.2 1142 1264 1309 
31.45 50 Na:COs; 13.0 1516 
31.46 50 NarCO; 13.0 461 988 934 
31.39 25 aCl 15.7 1131 
31.40 25 NaCl 15.7 738 934 1309 
31.42 50 NaCl 17.0 716 
31.43 50 NaCl it .0 1115 915 934 
31.77 25 Na:SO, Covered 929 
31.80 25 Na:SOx Covered 562 
31.11 25 Na2SO« Covered 1223 905 1309 
32.107 50 Covered 980 
32.108 50 Covered 566 
NasSOx Covered 765 770 934 


Norte: Specimens were tested at 482 F (250 C) and an angle of twist 
of +7.2 deg. 


TABLE 4 EFFECT OF POTASSIUM AND SODIUM CHROMATE 
ON THE NUMBER OF CYCLES TO FAILURE IN WATER AND 
SODIUM-HYDROXIDE SOLUTIONS 


Grams of Grams of Average Average 
NaOH compound Cycles cycles cycles 
Specimen per 100 g Added per 100 ¢ to to without 
no. of water compound of water failure failure added salt 
31.33 Water KeCrO, 44 2673 
31.34 Water 44 2156 
2118 
21.2 50 K2CrO, 26 3190 
21.22 K2CrO. 26 1775 2381 934 
21.24 103 K:CrO, 9 1138 
21.25 103 K2CrO; 598 
21.27 103 KeCrO, 30 837 858 800 
21.31 NaeCrOx 36 2482 
21.32 50 36 2534 
21.33 50 NaeCrO, 36 2357 2458 934 
Specimens tested at 482 F (250 C) and an angle of twist of 


A number of tests have also been run to determine the effect of 
additions of sodium carbonate, sodium chloride, and sodium sul- 
phate on the number of cycles to failure in sodium-hydroxide solu- 
tions. In the case of sodium carbonate and sodium sulphate it was 
especially desired to determine if these salts had any effect in pre- 
venting the action of the sodium hydroxide. The results shown in 
Table 3 indicate that none of the salts had any inhibiting effect. 
The values given in Table 3 for the average cycles without the 
added salt may be compared directly with the average cycles in 
the presence of the salt to estimate roughly the effect of the salt 
itself. In the tests with sodium sulphate the specimen was covered 
with an excess of solid during the entire test. The values for the 
average results for sodium carbonate and sodium sulphate seem 
to indicate some tendency for these salts actually to enhance the 
detrimental effect of the sodium hydroxide. 

Summarizing briefly the effect of various solutions upon the 
specimens undey repeated torsion: Sodium carbonate and tri-so- 
dium phosphate in solution produced almost the same effect as 
sodium hydroxide; sodium chloride and sodium sulphate in solu- 
tion have not exerted any effect appreciably different from that of 
water alone; mixtures of sodium hydroxide with sodium carbon- 
ate in solution, and with an excess of solid sodium sulphate did not 
indicate that either of these salts exerted any influence in increas- 
ing the endurance of the steel. 

Effect of Potassium Chromate, Sodium Chromate, and Sodium 
Nitrate in Inhibiting the Action of Sodium Hydroxide. Potassium 
chromate, sodium chromate, and sodium nitrate exert a very 
definite effect in increasing the endurance of steel in the presence 
of sodium-hydroxide solutions. The results for potassium and 
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sodium chromate in water and in sodium-hydroxide solutions are 
shown in Table 4. In 25 and 50 g of sodium hydroyide per 100 g 
of water, the addition of the potassium chromate almost doubles 
the endurance of the steel. Even in water alone the potassium 
chromate seems to exercise a beneficial effect although the differ- 
ence of 400 cycles in the average is not large enough to make this 
certain. 

When the sodium-hydroxide concentration reached 103 g per 
100 g of water, potassium chromate up to 30 g per 100 g of water 
did not exert a beneficial effect. The potassium chromate has 
been found to have a very high solubility at 250 C in both water 
and sodium-hydroxide solutions so that further increases in the 
concentration of potassium chromate might make it possible to 
prevent the action of even these very concentrated sodium-hy- 
droxide solutions. 

The last three tests listed in Table 4 were made with sodium 
chromate to determine if it were as effective as the potassium salt 
in inhibiting the action of sodium hydroxide. The results indicate 
that it is just as satisfactory. : 

Sodium nitrate exerts an inhibiting action which is as effective 
as that of the chromates. This is shown by the first four tests 
listed in Table 5. Attempts to lower the concentration of sodium 
nitrate below the value of 26 g per 100 g of water resulted in a 
rapid decrease in the beneficial effect on the endurance of the steel. 

The protection offered by the chromate might be accounted for 
in two ways. It is known that chromates are often effective in 
protecting steel, or perhaps it would be better to say that they pro- 
duce a more continuous and less permeable oxide film; as a result 
of this film the reaction between the solution and the steel is 
greatly reduced. This predicates protection on a more or less 
mechanical basis. Visual inspection, however, indicates no ap- 
preciable difference in the rate of attack between the solutions 
containing sodium hydroxide and potassium chromate or sodium 
hydroxide alone. On the other hand, if it is believed that hydro- 
gen embrittlement is an important factor, the protection may be 
due to the oxidization of the hydrogen by the chromate or to the 
catalysis of the conversion of atomic hydrogen to molecular be- 
fore it is absorbed by the steel. 

In the case of sodium nitrate the solution containing 26 g per 
100 g of water suffered a much more severe surface attack than 
when sodium hydroxide alone was present. This does not fall in line 
with the idea of preventing the reaction between the solution and 


TABLE 6 EFFECT OF SODIUM NITRATE ON THE NUMBER OF 
CYCLES TO FAILURE IN WATER AND SODIUM-HYDROXIDE 


SOLUTIONS 
Average 
Grams of Grams of Average cycles to 
. NaOH NaNO; Cycles cycles failure 
Specimen per 100g per 100 ¢ to t without 
no. of water of water failure failure added salt 
21.47 50 26 1819 oe 
21.48 50 26 2212 as 
21.61 50 26 2519 
21.63 50 26 2938 2372 934 
21.52 50 13 2188 aie ee 
21.53 50 13 1507 Pact a 
21.57 50 13 876 1524 934 
21.51 50 5.2 936 Faxes aaa 
21.59 50 5.2 966 951 934 
Note: Specimens were tested at 482 F (250 C) and at an angle of twist 
of +7.2 deg. 
TABLE 6 TESTS TO CHECK THE EFFECT OF WATER AND 


SODIUM HYDROXIDE ON THE NUMBER OF CYCLES TO 
FAILURE 


Average cycles to 
Grams of NaOH failure as shown 


Specimen nc. _— per 100 g of water Cycles to failure in previous tests 


21.49 Water 2639 

21.50 Water 2217 os 
21.56 Water 2161 ns 
21.58 Water 1713 2253 
21.39 50 792 eit 
21.41 50 747 a 
21.44 50 672 934 


P . areas were tested at 482 F (250 C) and at an angle of twist 
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the steel but rather tends to agree with the idea of the prevention 
of the hydrogen absorption by the steel. The fact that nitrate is 
in general a fairly strong oxidizing agent also supports this view. 

After these tests with chromates and nitrates had been com- 
pleted, seven check tests were run in water and in 50 g of sodium 
hydroxide per 100 g of water to make certain that no change had 
occurred in the steel used for the specimens, the specimens them- 
selves, or any other detail of procedure which might affect the re- 
sults. The values shown in Table 6 indicate satisfactory agree- 
ment between the results secured for these conditions in previous 
tests and in the present tests. 


Type or Farcure Propucep 


Photomicrographs of typical cracks produced in contact with 
air, water, dilute sodium hydroxide, and concentrated sodium 
hydroxide are shown in Fig. 11. In air, water, and dilute sodium 
hydroxide the position of the cracks with respect to the grain 
boundaries can be determined fairly well with careful study. To 
some extent the cracks follow the grain boundaries, but this is by 
no means universally true and in many cases they go directly 
through a grain. 

In the case of the concentrated sodium-hydroxide solution, al- 
though the crack appears to have been widened to such an extent 
by the action of the solution that its actual position is more or 
less a matter of conjecture, there is evidence of both transerystal- 
line and intercrystalline cracking. 

Holzhauer® has shown a number of cracks produced in his tests 
using repeated tension which are quite similar to those shown in 
Fig. 11. Those developed in steel in contact with concentrated 
sodium hydroxide were also widened by the action of the solution. 


CONCLUSIONS 


The repeated torsion tests at 482 F (250 C) may be recapitu- 
lated as follows: 

1 Contact of the specimens with water reduced the number of 
cycles to cause failure to about one half or one third of the num- 
ber found for contact with air. Progressive increase in concen- 
tration of sodium hydroxide caused a further progressive decrease 
until at a concentration of 50 g of sodium hydroxide per 100 g of 
water the steel failed after about one fifth the number of cycles 
required to cause failure in air. 

2 The effect of sodium carbonate, tri-sodium phosphate, so- 
dium chloride, and sodium sulphate, each in solution, has been 
studied. Sodium carbonate and tri-sodium phosphate exercised 
about the same effect as sodium hydroxide. Sodium chloride 
and sodium sulphate did not produce any different effect from 
that of water alone. 

3 The addition of sodium carbonate in solution to the sodium 
hydroxide and the addition of solid sodium sulphate to cover the 
specimen did not produce any measurable effect in preventing the 
action of the sodium hydroxide. 

4 At a high temperature in the absence of oxygen, the failure 
of the specimens subjected to repeated stress in the presence of 
the solutions used did not appear to be closely related to pitting of 
the surface. 

5 Potassium and sodium chromate or sodium nitrate were ex- 
tremely effective in preventing the sodium hydroxide from lower- 
ing the endurance of the specimens. 

Some care must be exercised in interpreting these results in 
terms of conditions actually existing in a boiler. Practice has 
shown that boilers operating on aistilled water show few cases of 
cracking which can be attributed conclusively to the action of the 
water, whereas the tests show that the water should have a defi- 
nite effect. This difference may result from the necessity of im- 


posing either a high strain or a rapid repetition of the cycle on 
the test specimens in order to secure a test period which is suffi- 
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Fic. 11 Cracks Propucep in Low-CarBon Boi.er Steet During Tests IN Rereatepd Torsion at 482 F (250 C) AN ANGLE OF 
+7.2 Dec. Specimens Etcuep 2 Per Centr Nitric Acip (x 300) 
(The upper-left specimen was tested in air and failed in 4575 cycles. The upper-right specimen was tested in a solution of 0.1 g of sodium hydroxide 
per 100 g of water and failed in 1847 cycles. The lower-left specimen was tested in water and failed in 2962 cycles. The lower-right specimen was 
in a solution of 25 g of sodium hydroxide per 100 g of water and failed in 1135 cycles.) 


ciently short to make it possible to use the method. Such ac- An extremely interesting comparison may be drawn between 
celeration may result in making the mechanical disruption of the the assumptions which have to be made to relate these repeated 
oxide film a much more important factor than the action of the _ torsion tests to actual boiler conditions and the assumptions which: 
solution in dissolving the film. In a boiler, the mechanical factor must similarly be made if static-tension tests are used. 

may be of much less importance, and then the water would In the static tension it is assumed (1) that sodium hydroxide 
have little effect as compared to concentrated solutions of sodium is the only substance in a normal boiler water which is respon- 
hydroxide which have been shown rapidly to attack the iron- sible for the reduction in the ability of the specimen to carry 4 
oxide film. tensile load; (2) that in certain sections of an actual boiler the 
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sodium hydroxide can attain a concentration many times greater 
than the concentration normally present; (3) and that in the 
same region where the sodium hydroxide concentrates, the metal 
is subjected to extremely high stress. 

In sharp contrast to these assumptions it is possible to relate the 
repeated torsion tests to actual conditions by the assumption 
that operating boilers are subjected to repetitions of stress of suf- 
ficient magnitude to promote continued reaction of the normal 
boiler water with the steel. If high alkalinity is developed, the 
magnitude of the repeated stress and the number of repetitions 
to failure are greatly reduced and failure may consequently occur 
in a short period. 

It is interesting to note in this connection that a number of the 
railroads in the United States have encountered failure under 
conditions which have not caused difficulty in stationary boilers. 
It does not seem at all unreasonable to believe that the difference 
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in results arises from the much more severe repetition of stress 
to which the locomotive boilers may be subjected. 

The repeated torsion tests have furnished a quite definite meas- 
ure of the effect of water and of various solutions upon the speci- 
mens. Further tests are being carried out at the present time on 
the effect of the inhibiting agents and it is also planned to carry 
out tests using low-distortion angles and a high cycle frequency. 
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Discussion 


Research Investigation of Current- 
Meter Behavior in Flowing Water' 


J. M. Mousson.? The investigation of the behavior of current 
meters carried out at Eddystone, Pa., by the author is a com- 
mendable endeavor to throw more light on a subject little under- 
stood at the present time. The writer believes, however, that the 
data obtained and more. particularly the conclusions arrived at 
by the author are open to serious criticism in view of the pro- 
cedure and apparatus used for these tests. 

The two current meters investigated were mounted simul- 
taneously in the flume at fixed positions. The velocities in front 
of the current meters were measured by a pitot tube. The pitot- 
tube coefficient was obtained by means of a weir located down- 
stream of the test flume. One of the weaknesses in the testing 
procedure is undoubtedly this correlation of the pitot tube and 
the current meter. 

A definite effective area was assumed for the current meter and 
the pitot-tube measurements in front of this area were compared 
with the current-meter registration. The effective area of a cur- 
rent meter does not necessarily coincide with the area limited 
by the periphery. In the course of recent investigations made 
abroad on runners of high specific speed it was found that, if 
the runner were to have suitable characteristics under runaway 
speed, the difference in pressure between the suction and the 
pressure sides of the blades should be equal to zero at some con- 
siderable distance inside the periphery. The effective diameter 
of the turbine in this case is smaller than the runner diameter. 
Since these current meters operate as a turbine at runaway speed, 
it is reasonable to assume that the effective area of the current 
meters investigated does not coincide with the area limited by 
the periphery. Furthermore, visual observation showed no 
disturbances beginning at the periphery of the meter, as would 
be expected if a pressure difference existed between the two sides 
of the blade at this point. In making still-water calibrations the 
effective area is of no concern. 

To explain the apparent overregistration of the type-1 meter 
in particular and of any other propeller-type meter in general, 
the theory has been advanced time and again that, since the 
average energy exerted upon propellers exceeds the energy cor- 
responding to the average velocity, propeller-type current meters 
should show an overregistration in flowing water as compared 
with still-water ratings. This theory is often mentioned to 
justify the claim that still-water ratings are not reliable. It 
must be argued, however, that if this were true the rate of rotation 
of propeller meters would be proportionai to the square of the 
velocity for still-water calibrations. The very fact that for still- 
water ratings the rate of rotation is found to be proportional to 
the velocity indicates that the basis for the theory mentioned 
previously is not satisfactory. As the author claims an over- 
registration for a propeller-type current meter it would be interest- 
ing to know his explanation based on theoretical considerations. 

In spite of the great precision and skill with which the author’s 
measurements were made, yet another inherent error is intro- 
duced through the use of a pitot tube as a secondary standard. 


_ ' Published as paper HYD-57-9, by S. L. Kerr, in the August, 1935, 
issue of the A.S.M.E. Transactions. 

* Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. 


It should be recalled that the accuracy of the pitot tube in tur- 
bulent flow has been recognized as very questionable by the 
A.S.M.E. Power Test Code, wherein is specified that: ‘‘It is 
very desirable to have a run of straight pipe, at least 15 diameters 
long, following short bends, valves, and poorly designed intakes, 
and immediately preceding the pitot tube to minimize the dis- 
turbances of flow which may result from such features.” The 
pitot-tube section used by the author was only about four times 
the width of the flume below the intake and only twice the 
width below the baffle section. The pitot tube is essentially 
a pressure-measuring device and its indications are proportional 
to the square of the velocity. This relation is shown by the curve 
in the figure shown in Table I of this discussion. When during 
a certain measurement the velocity is permitted to vary, it is 
perfectly evident that the observed average dynamic pressure is 
greater than the pressure corresponding to the actual average 
velocity. In other words, a velocity greater than the true average 
velocity is obtained from the pitot-tube measurement. The 
author’s data presented in Fig. 12 of his paper substantiates the 
contention that turbulence (variation in velocity or dynamic 
pressure) reduces the coefficient appreciably and the greater the 
turbulence the lower the coefficient. 


TABLE I 
PiTOT TUBE COEFFICIENTS FOR UNIFORM 
VARIATIONS OF DYNAMIC PRESSURE 
AND VELOCITY 


n 


Dynamic Pressure Head in Ft. 


0 10 20 30 40 50 60 
Velocity in Feet per Second 


Variations in Dynamic Pressure Variations in Velocity 

Lower Limit | Upper Limit | Pitot Tube | Lower Limit | Upper Limit | Pitot Tube 
Ft of Water! Ftof Water | Coefficient |Ft. per Second| Ft. per Second| Coefficient 

() h 343 0 v 866 

05 982 080 L719 370 

Ol 968 0.80 254 960 

0! 2 958 0.80 359 940 

__Ol 953 0.80 439 325 

2 982 1.79 3.59 962 

3 975 79 439 972 

395 2.54 3.59 995 

Bat 990 2 54 4.39 989 

4 985 2 54 5.08 384 

3 998 3.59 439 9396 

2 395 3.59 5.08 995 


Since in the tests reported by the author the variations in 
velocity were noticeable, it will be of interest to investigate the 
possible effect of this on the pitot-tube coefficients. To simplify 
this work which, it must be emphasized, is intended only to show 
the possible errors in the investigation, several assumptions will 
be made. Assume that the measurements by the weir are abso- 
lutely correct and that an ideal pitot tube is used with a coefficient 
of 1 over the entire range of angularity. Furthermore, assume 
that the variations in flow cause either uniform variation in 
velocity or uniform variation in pressure. It is then possible to 
compute, for any assumed limits of variation in flow, the relation 
between the true average velocity and the velocity indicated by 
the pitot-tube measurement. This ratio we will call the pitot-tube 
coefficient. In Table I of this discussion are given the coefficients 
for variations in flow within limits which are at least comparable 
with those that existed in the author’s tests. It should be pointed 
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out that for nonuniform variation of velocity or pressure these 
coefficients may be greater or less than those tabulated, but in 
no case greater than 1. 

In the author’s tests an average pitot-tube coefficient was 
determined for each run. Since the variation in flow differs from 
point to point, it is evident the coefficient should also differ. Of 
course, it is impractical to do this and the average coefficient is 
used which cannot help but distort the velocity diagram and 
introduce at various points errors of perhaps as much as +5 per 
cent. 

This investigation can be pursued still further if something is 
known about the variation of flow at the different points in the 
flume. The knowledge of this is principally the result of personal 
visual observation which, of course, is greatly influenced by the 
point of view. 


TABLE I 
TEST GROUP NO.1,- SMOOTH FLOW \ 
DETERMINATION OF ERROR IN PITOT — |} 4 \ ' 
TUBE COEFFICIENT AT ; H 
LOCATION OF CURRENT METERS 


UNIFORM VARIATION _IN_ DYNAMIC PRESSURE 


‘ Error in Pitot Tube Coefficient 
Location Dynomic Tubs : Difference: PT.C. Inner Half- 
Variation  Koefficient |Cocfficient 
Ay, PTC. 
Ft. of Water I Numerical 
Outer Half 990 
Cose | inner Holf 3040 0040 40 
Outer Half 05t0.2 982 
Kost2 | inner Malt | | ~66 
TS 
ose 4 inner No Variotion | 1.000 3675 0125 1.26 


UN'FORM VARIATION IN VELOCITY 


Error in Pitot Tube Coefficient 
Velocity |Pitot Tube | Average 
Location Variation Coefficient Coefficient? Difference: P.T.C. Inner Half 
Ay. PTC 
Ft. per Second Numerical 
, | Outer Haif 254%0359 995 
nner Holf| No Veriction | | 
Outer Helf 1.79 to 3.59 
Kose? inner Half | | 995 | 808 
Outer Half L79%03.89 | 962 
Cose3| inner Half | NoVoriaton | 1.000 | “99! | 0090) | 
Outer Half 80 to 1.79 970 
inner Half | 179t0254 | 990 | | 010 
Outer Half 1.79 to 4.39 972 985 | 013 32 
inner Holt | | | | = 
Outer Half .80 to 1.79 970 
inner Half No Veriction 1.000 385 | 


For the first case consider the calibration in smooth-flowing 
water. It must be emphasized that the flow was not smooth. 
The ribbons located upstream of the current-meter section vi- 
brated slightly and their tail ends whipped to the right and to 
the left. Air bubbles suspended in the water followed a some- 
what irregular path. It is generally recognized that the flow in 
the pipe is more turbulent along the walls than in the middle of 
the water passage, and that the smaller the pipe the greater the 
percentage of area affected by turbulence. For our argument, 
assume that in the flume used by the author one half of the area 
was affected, that is, the shaded area of the figure in Table IT of 
this discussion, which may or may not have been the case. It 
is realized, of course, that there will be no sudden line of demarea- 
tion between the two types of flow. 

Table IT of this discussion, based on variations in the dynamic 
pressure and variations in velocity, shows the results of an analy- 
tical evalution of the possible error resulting from applying the 
average coefficient of the pitot tube in front of the current meters. 
Cases 1, 2, and 3 are not unreasonable and actually may have 
occurred. The resulting error in the pitot-tube coefficient varies 
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Since the author 
believed that he had smooth flow at the location of the current 
meters, a case is added which shows that the error based on his 


between —0.66 per cent and —1.17 per cent. 


assumption may be as high as —1.26 per cent. Based on vari- 
ation in velocity the resulting error in the pitot coefficient varies 
between —0.25 per cent and —1.52 per cent. The error is always 
in the direction which makes the meter apparently overregister. 

The method of evaluating the possible error can be criticized 
severely. For example, it could be argued that in determining 
the average coefficient the weighing of the discharge should have 
been considered. This refinement was not considered necessary, 
since it would be equally as reasonable to assume one half of the 
discharge adjacent to the boundaries to be affected by turbulence 
instead of one half of the area. Nevertheless, it shows that the 
slight overregistration of the meters in smooth flow may more 
than be accounted for by the distortion in the velocity diagram 
due to the variable pitot-tube coefficient. 

In another group of tests, baffles were installed reaching to one 
half the depth of the water passage, as shown in the figure in 
Table III of this discussion. Visual observation of the speed of 
air bubbles indicated that water passed with higher velocity and 
less turbulence under the baffles than through the baffles. The 
area of high velocity increased downstream, while the discharge 
through the baffles, which is highly disturbed and considerably 
less in volume than the discharge beneath the obstruction, is 


TABLE I 
TEST GROUP NO.2,- BAFFLES AT 
ONE-HALF DEPTH 
DETERMINATION OF ERROR IN PITOT 
TUBE COEFFICIENT AT 
LOCATION OF CURRENT METERS 


UNIFORM VARIATION IN DYNAMIC PRESSURE 


Error in Pitot Tube Coefficient 
Location Pressure|Pitot Tube) Average |” pitterence: PTC. Middle - 
Voriction Coefficient |Coefficient 
Av. P.T.C 
Ft of Water Numerico! 
Top Third 0to.2 943 
Case! |Middie Third 05 to.2 982 973 009 3 
Bottom Third 7 
Top Third Ol to.2 958 
Cose 2 | Middle Third to.2 995 983 012 “1.22 
|__| Bottom Third 995 
Top Third 943 
ICose 3) Middle Third to.3 990 914 O16 
|__| Bottom Third 2to.3 926 
Top Third ‘Oto.2 943 
Case 4|Middle Third to.2 .995 978 “1.74 
BottomThird| to.2 995 
Top Third 943 
Case 5| Middle Third 2to.3 .998 980 O18 -1B4 
3 998 


UNIFORM VARIATION IN VELOCITY 


Error in Pitot Tube Coefficien* 
Velocit Pitot Tube | Aver: 
Location Veriation Coefficient Coefficient 
Ft per Second Numerical To 
Top Third 0 102.54 ‘bee 
Cose | |Middle Third 08 +0359 940 934 006 - 64 
|__| Bottom Third 2.540359 ant 
Top Third 0.60 to4.39 92 
Kose 2|Middle Third 25410439 982 022 
BottomThird 3.59 104.39 998 
Top Third -0 10359 B66 
Case 3|Middle Third 254 to359 995 954 -430 
|__| BottomThird| No Variation 1.000 
Top Third 0 
Kose 4 |Middle Third 2.54 403.59 995 952 043 ~450 
|__| Bottom Third] 2540359 995 
Top Third 0 to 254 B66 a 
Case5|MiddleThird| No Variation 1.000 955 045 -470 
ttom Third} Variation 1000 
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reduced gradually in cross section. A thorough intermingling 
with the high-velocity jet occurred at some point downstream 
from the current meters. For our argument a distribution of 
flow such as shown in the figure in Table IIT of this discussion 
will be used. As seen from this figure the steadier velocities 
are near the bottom and the least stable velocities are near the 
top. The ribbons and air bubbles indicated that the current 
meters were located in the high-discharge jet and in a region of 
comparatively steady conditions. 

From Table III of this discussion based on variation of the 
dynamic pressure and velocity, respectively, it is evident that 
the error in the pitot-tube coefficient applied to the location of 
the current meters may, for the assumed conditions, reach values 
of considerable magnitude. The apparent overregistration is well 
within the limits of the possible error and may be accounted for 
inthis manner. The current meters probably do not overregister, 
but if the correct pitot-tube coefficient were used they would have 
indieated considerable underregistration. 


TABLE 
TEST GROUP NO.3,- BAFFLES AT 
FULL DEPTH 
DETERMINATION OF ERROR IN PI TOT 
TUBE COEFFICIENT AT 4 4 
LOCATION OF CURRENT METERS ie 
Boffles 
JNIFORM VARIATION iN DYNAMIC PRESSURE 
‘Dynamic Tare | Average |. Error in Pitot Tube Coefficient 
Location (Cycle! Pressure Coefficient Difference: PTC Inner Holf- 
Voriation | Per Hoit Av. PTC 
Ft of Water Numerica! % 
0 to $43 
Outer Holf |NoVariction! 1.000 7 
| | 10t0.05 990 | 
Holt | | osteo | sez | | 
} Oto 343 | | 
2 | 2 to.05 
| 
JOuter Halt | | osteo: | sez | 
> 
fose2} 248+ —— 9mm 0147 
| | 
4 |NoVeriation| | 000 —+ 
1] 0 to.2 943 
inner Halt 9978 
990 
UNIFORM VARIATION IN VELOCITY 
Averoge rror in Pitot Tube Coefficient 
; Velocity Pitot Tube Average 
Location [Cycle Coefficient Difference: PT.C Inner Half - 
Coefficient Per Holf Coefficient Av. PTC 
t per Second: merical 
T 10 to 254 Bee 
Yerighen | 1.098 0235 -2.46 
2 | 254t0179 | 990 
‘nner Molt | | 17910080] 910 | °0° 
= 4 | 080to}.79 970 
17 0 t 359 866 
2 | 359t01.79 2 
Cater 3 | 970 
Halt | | | 2% 
4 |No Variation) 1.000 
| 0 to359 | 866 
Kose 2290 0630 -6.18 
inner Holt | | ses | 
4 | 43910254 
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oF Eppes THE Axes OF WHICH ARE PARALLEL TO THE DIRECTION OF 
Flow 


During a third group of tests, baffles were installed reaching 
to the full depth of the water passage. Table IV of this discussion 
is based on the assumption that larger variations in velocity occur 
near the boundaries of the plane of measurement as indicated by 
the shaded areas shown in the figure in Table II of this discussion. 
Visual observations confirm this assumption, as on either side of 
the test flume the variations were of such magnitude that from 
time to time surges occurred, causing the water to flow upstream 
along the side walls. This back flow could not be observed at 
the location of the current meters. The meters themselves did 
stall only when the angle of flow exceeded the limit above which 
the current meters will stop rotating regardless of the velocity. 
From Table IV of this diseussion it may be seen that the inherent 
error in the pitot-tube coefficient for the location of the current 
meters may be large. 

Since the author concluded that the overregistration may be 
from 2 to 5 per cent, the errors in the current meters are within 
the limits of the possible error in the pitot-tube coefficient. The 
writer believes, therefore, no conclusions can be reached that the 
current meters overregister, since it may be equally true that 
in effect the current meters underregistered considerably. 

It is indeed of utmost importance that two of the Ott type-2 
meters used at Safe Harbor, which have conical screw propellers 
with a 50-cm pitch, straight generating lines, and convex curva- 
ture, were also investigated by the author and no overregistra- 
tion for these meters was apparent even with the distortion in 
the velocity diagram produced by the variable pitot-tube coeffi- 
cient. It is interesting to note that the meter which in oblique 
flow indicates a smaller velocity than the type-1 meter shows the 
same tendency in the type of flow thought smooth by the author 
as in turbulent flow (compare average meter velocity in author’s 
Table 3 Runs 410-1,-3,—5, with 409-7,-8,—9, respectively). 

In view of the fact that the analysis as outlined by the writer 
is based on the assumption of uniform variation in velocity and 
the dynamic pressure, it should be mentioned that the error in 
the pitot-tube coefficient for sudden variations between two limits 
was investigated more than thirty years ago. The results 
of these tests by Rateau not only confirm the theoretical con- 
siderations but they show that the effect based on the assumption 
of uniform variation is very conservative. 


3 “Experiences et Theories sur le Tube de Pitot et sur le Moulinet 
de Woltmann,” by M. Rateau, Annales des Mines, series 9, vol. 13, 
1898, pp. 331-385. 
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It is believed that the analysis given in this discussion indi- 
cates that the results of the author’s investigation should not be 
judged by their face values, as it may be equally possible: 
(1) That the pitot tube apparently undevregistered for the loca- 
tion of the meters, (2) that the current meters investigated did 
actually not overregister but underregistered, and (3) that the 
current meters performed in turbulent flow in accordance with 
their oblique-flow characteristics. 

The writer believes that although the author’s investigation 
did not advance the general knowledge of the behavior of the 
current meters in turbulent water, a very valuable contribution 
was made in one group of tests which the author did not mention 
in his paper and which is very instructive and conclusive. A 
stationary vane was installed upstream of one of the current 
meters. This vane produced an eddy the axis of which was 
parallel to the direction of flow, that is to say, parallel to the axis 
of the current meter. Fig. 1 of this discussion shows the results 
of this investigation, and indicates that when the direction of 
rotation of the eddy coincides with the rotation of the propeller, 
the current meters did actually overregister. On the other hand, 
when the rotation of the eddy was opposite to the rotation of 
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the current meter, an underregistration considerably more than 
the overregistration was indicated. This may be attributed to 
the fact that a larger amount of energy is dissipated in the latter 
case. These tests indicate that it is advisable to use both left- 
hand and right-hand meters to guard against gross overregistra- 
tion or underregistration. At the same time, this test shows an 
increased tendency toward underregistration in turbulent flow 
of propeller-type meters since, as may be expected, right-hand 
and left-hand whirls are occurring with equal frequency. 

Of course it should not be denied that some propeller-type 
meters may overregister in a given range of obliquity, but only 
in case their oblique-flow characteristics show a cup effect above 
a certain angle of flow approach. Based on experimental research, 
the type-1 and type-2 meters, each belong to a family of propellers 
for which no cup effect can be found, regardless of the pitch. On 
the other hand, if the curvature of the type-2 vanes were concave 
instead of convex, and if in addition the generating lines were 
helicoidal (based on spirals by Archimedes) instead of straight 
lines, the propellers would overregister above a certain obliquity 
due to the cup effect. In view of this it is advisable not to employ 
propeller-type meters showing a cup effect in the useful range 
since this is not compensated for by any other phenomenon. 

The tests conducted by the author have shown clearly that if 
another investigation were to be made and if conclusive results 
were to be obtained, this future investigation should be carried 
out without a secondary standard, such as pitot tubes. The 


writer believes that satisfactory results can only be obtained when 
the discharge measured by the current meters is compared directly 
with volumetric measurements. To make this possible current 
meters of very small size should be used and the meters held at 
points all over the plane of measurement as is done in the field. 
Small meters for laboratory purposes and of the same type as 
used at Eddystone, Pa., by the author are now available. 


L. A. Orr.‘ The investigations undertaken at the I. P. Morris 
laboratory at Eddystone, Pa., are interesting and may help “to 
clear up some of the elements of doubt, which have existed in 
regard to current-meter measurement,”’ but perhaps in a little 
different form than the author had in mind. 

If stream lines are drawn in the neighborhood of an ideally 
shaped screw propeller which operates in an ideal parallel stream 
it is possible to differentiate at first the main cases shown in 
Figs. 2, 3, and 4 of this discussion. Fig. 2 shows a screw with an 
equivalent axial speed exactly equal to the speed of the on-coming 
stream and, therefore, is representative of an ideal hydrometric 
vane. Since energy can be neither absorbed nor spent the stream 
lines are not deflected when passing through the wheel. The 


stream velocities v before, v’ in, and V behind the screw are exactly 
the same and the outer limit of the groups of stream lines going 
through the screw is cylindrical. 

But if it is desired to create work with a screw propeller, as by 
a windmill or a turbine wheel set in a free stream, the streamline 
effect shown in Fig. 3 of this discussion is necessary. Because of 
the work given up to the wheel, the downstream velocity V; 
must be smaller than the upstream velocity. The section through 
the streamline group going through the wheel is therefore larger 
behind the wheel than in front of it. 

The speed reduction from »,; to V; can, of course, be only a slow 
one, and according to Froude’s theorem (which can easily be 
derived with the impulse law) the reduction is such that the 
axial velocity within the wheel is equal to the arithmetic mean of 
the velocities v; and Vj. 

The propeller of an airplane, a ship, or a pump which does not 
create work, but consumes it, draws in the liquid at its front side 
which has the starting velocity v2, accelerates it, and throws it 
off with the final velocity V2. In Fig. 4 of this discussion the 
stream has a smaller diameter behind the wheel than before it. 
The velocity increase v, to V2, again happens in such a way that 
the axial-stream velocity v2,’ within the wheel is equal to the 
arithmetic mean of the velocity upstream and downstream. 

Assume that a propeller is set in a double stream, as shown in 
Fig. 5 of this discussion, with different upstream velocities of 

4 Mathematik Institut, Kempten, Germany. 
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t; and v2 and different downstream velocities of V; and V2 so that 
the axial stream velocity in one half of the propeller is 


v,’ = + V,)/2....... {1} 
and in the other half of the propeller it is 
v,’ = (v2 + V3)/2 [2] 


These two velocities v;’ and v2’, which correspond to the velocity 
of the axial-flow evasion of the wheel, must be equal to each 
other, and therefore 


If the propeller were mounted on frictionless bearings and no 
energy is received from outside nor energy given up (when the 
conditions exist for an ideal hydrometric vane) then the value of 
energy of the stream flow behind the screw must be the same as 
that before the screw. Therefore, the screw in its capacity as a 
turbine must draw away just as much energy from the faster 
part of the upstream flow as it gives to the slower part of the flow 
if it were working as a pump. 

Because the withdrawn energy is proportional to v,2 — V,? and 
the energy given up is proportional to V,? — v2? 


From Equations [3] and [4] it follows that 
V, = vgand Ve [5] 


and therefore from Equations [1] and [2] 
= v2’ = + v2) /2. [6] 


Therefore, the velocity of the axial-flow evasion of the propeller is 
equal to the arithmetic mean of the two different upstream 
velocities. An overregistration of the screw, therefore, cannot 
take place, because it would mean that the downstream flow 
possesses a larger value of energy than the upstream flow, and the 
propeller would produce work out of nothing, simulating per- 
petual motion. 

If, as shown in Fig. 6 of this discussion, the vanes were set in 
a rectangular channel under pressure, which is the case in the 
author’s installation at Eddystone, Pa., and irregular stream 
flow is produced by artificial means, there would be no change in 
the previously drawn conclusions. However, the walls of the chan- 
nel may have some influence on the results but it cannot be 
assumed that such disturbances have an accelerating effect on the 
propeller and therefore cannot be the origin of the overregistra- 
tion of from 2 to 5 per cent seemingly observed by the author at 
Eddystone, Pa. 

In view of these facts it remains to be considered what the 
author means by overregistration. He projects the circle area 
F covered by the propeller a little upstream into a pitot measur- 
ing section, and considers that measurements in the various 
elementary areas f determine the flow quantity through this 
section according to the formula 

j=F 


The author further determines the quantity of water Q’ passing 
the propeller by multiplying the area f by the velocity v’ of the 
stream passing through it so that 


In this way he finds v’ from the revolutions per second and the 
rating of the screw as determined by means of towing tests in 
still water. 

He then makes the wrong assumption that Equations [7] and 
[8] must give the same result, although the stream lines show 
clearly that this assumption is true only when the flow simulates 
that shown in Fig. 2 of this discussion and does not hold true 
for the flow indicated in Figs. 3, 4, 5, and 6 of this discussion. 
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The streamline group which passes the pitot section indicated by 
the heavy lines in Figs. 2, 3, 4, 5, and 6 of this discussion, is 
different from the group which actually goes through the pro- 
peller, indicated by the dashed lines in Figs. 2, 3, 4, 5, and 6. 
The pitot measurement would show entirely too great a flow in 
Fig. 3 and entirely too little a flow in Fig. 4. 

Therefore, it would be found according to the example shown 
with the pitot measurement at Eddystone, that an ideal screw 
would show an efficiency of fully 100 per cent, independent of 
the fact that it is used as turbine or pump, while in reality from 
the relationship shown in Fig. 3 of this discussion the theoretical 
efficiency must be »,’/», and from those in Fig. 4 it must be 
03/2’. 

As shown by the relationships of Figs. 5 and 6 of this discussion, 
the various mistakes made in the pitot measurements act against 
each other with a hydrometric vane working in an irregular stream, 
but it would be an unusual incident if they should just cancel 
each other, that is, if both stream-line groups in these figures 
should carry the same amount of water. 

That this unusual incident did not take place does not, however, 
prove anything against the usefulness of the hydrometric vanes 
in irregular streams, but only strengthens previously existing 
doubt as to the usefulness of the author’s method of investigation. 


W. M. Waire® ano W. J. Ruemaans.* This paper presents 
a valuable addition to the research data on current meters and 
gives further proof that the use of current meters in turbulent 
flow may be subject to considerable error. 

However the tests described have several sources of possible 
error which should be considered before making any definite 
conclusions. 

The important factor in these tests was the determination of 
the velocity in front of the current meter by a pitot tube which 
had been calibrated for various velocities and for various degrees 
of turbulent flow. The pitot-tube coefficient for these conditions 
varied from a minimum of 0.934 to a maximum of 0.976, a varia- 
tion of about 4 per cent. 

For the low velocities used in these tests the correct determina- 
tion of the static head in pitot-tube measurements becomes very 
important. For instance, with a velocity of 2.6 fps the velocity 
head is 0.105 ft and an error of 0.01 ft in the determination of the 
static head represents an error of 5 per cent in the pitot-tube 
coefficient. 

In the tests conducted by the author the static pressures were 
measured only at the bottom of the flume for the turbulent-flow 
conditions. Measurement of the static pressure on only one wall 
of a conduit may or may not give the true average pressure across 
the flume. This has been clearly demonstrated by the writers.’ 

If the static pressure in the tests conducted by the author were 
constant across the entire section an error in the measurement of 
this static pressure would have affected only the pitot-tube 
coefficient and not necessarily the actual determination of the 
velocity in front of the current meter since the same piezometers 
were used for both the pitot-tube calibration and the velocity 
measurements. 

However, if the static pressure were not constant across the 
flume, having a different value at the center than at the bottom, 
the velocity at the current meter were in error by the amount of 
this difference. 


’ Manager and Chief Engineer, Hydraulic Department, Allis- 
——— Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 

‘Test Engineer, Hydraulic Department, Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis. 

7“Photoflow Method of Water Measurement,” by W. M. White 
and W. J. Rheingans, Trans. A.8S.M.E., vol. 57, no. 6, August, 1935, 
paper HYD-57-7, p. 273. 
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A further possibility of error was introduced by the use of a 
pitot-tube coefficient as determined for the flow conditions across 
the entire section. This coefficient was an average for probably 
large variations in turbulence and certainly for large variations 
in velocity as shown in Fig. 10 of the paper. If it is true that the 
pitot-tube coefficient varies so widely with velocity and turbulence 
as the calibration tests indicate, then an average coefficient can- 
not be applied without error to a section where the turbulence 
and velocity may differ by an appreciable amount from the aver- 
age conditions of the calibration. 

Although these possible sources of error must be taken into 
consideration, the tests made by Mr. Kerr throw considerable 
doubt upon the entire question of current-meter measurements in 
turbulent flow and are consistent with tests and observations 
made by other investigators. In this connection a paper by 
Yarnell and Nagler® describes some interesting tests. Current- 
meter traverses were made in a 4 X 3-ft flume with various types 
of turbulent flow. It was found that the Ott meter over- 
registered as much as 50 per cent for one kind of turbulence and 
underregistered as much as 20 per cent for a different type of 
turbulence. 

These tests indicated that the different types of turbulence 
affect the current-meter registration differently by an almost 
unbelievable amount. Therefore, the present-day tendency to 
resolve turbulent flow into simple angular flow and a variation 
in forward flow, and then base current-meter measurements 
entirely upon angular still-water ratings is subject to just such 
errors. 


L. M. Davis.* The investigations described in Mr. Kerr’s 
paper are a noteworthy attempt to dispel some of the uncertainty 
regarding the behavior of current meters in flowing water. Many 
tests have been made on screw-type meters to settle this point, 
and in the majority of cases it was concluded that the better 
types of screw meters would give fairly accurate results using 
the still-water ratings for angular flow. 

Since Mr. Kerr’s conclusions are contrary to the conclusions 
drawn from most previous tests, it seems advisable to go into 
the methods used in making the investigation. 

In general, the experiments were carefully made and every pre- 
caution was taken to obtain the maximum precision from the 
available equipment. 

In order to determine the velocity of the water filaments strik- 
ing the meter head, pitot-tube traverses were taken on a cross 
section just upstream from the tips of the current meters. ‘To 
avoid the uncertainty of an assumed coefficient for the tube the 
cross section was completely traversed and an average coefficient 
computed using the discharge as given by a calibrated weir. If 
the pitot-tube coefficient was a constant for all conditions, this 
would place full responsibility for the accuracy of the velocity 
determination on the weir. However, it is known that the co- 
efficient varies with velocity and turbulence, so that the resulting 
velocity face determined from the average coefficient is distorted 
This will result in an incorrect value for the average velocity of 
the filaments of water striking the meter head. 

Also a weir cannot be considered as a positive instrument for 
water measurement. The calibration curve given by the author 
in Fig. 1 of the paper shows a spread in the volumetric test points 
of over 7 per cent. It is possible that a portion of this spread was 
due not to errors in the volumetric measurements but to changes 
in the flow distribution in the approach channel. It is also possible 
that the turbulence, artificially produced for these tests, was not 


8 “Effect of Turbulence on the Registration of Current Meters,” 
by D. L. Yarnell and F. A. Nagler, Trans. A.S.C.E., vol. 95, 1931, p. 
766. 

* Safe Harbor Water Power Corporation, Baltimore, Md. 
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completely racked out and carried down to the weir, thus reducing 
the discharge for a given head on the crest, the amount of this 
reduction varying with the degree of turbulence. 

Another source of possible error is the relatively small size of 
the flume. European engineers have recognized for many years 
that current meters used in restricted flumes will overregister. 
Professor Gramberg of Berlin found that anemometers over- 
register in restricted passages, the amount of overregistration 
varying inversely with the cross-sectional area of the passage. 
He found that the overregistration of anemometers in pipes of 
the same inside diameter as the anemometer was 20 per cent 
and more. He concluded that the anemometer should be rated 
as used providing the cross-sectional area of the anemometer was 
not infinitely small compared with the cross-sectional area of 
the passage.!? 

Dr. Ott recognizes the effect of restriction on the Ott current 
meters when used in small flumes or pipes where the area of the 
meter is an appreciable percentage of the cross-sectional area of 
the flume. He has developed and put on the market a small 
meter of 40-mm propeller diameter with streamline body for 
laboratory use. In spite of the small displacement, he specifies 
that this meter should be calibrated in place. 

If laminar flow existed, it would be possible to properly correct 
for the area taken out of the metering section by the meter. 
However, with turbulence the effective area of the meter is 
increased by an uncertain amount, depending upon the degree of 
turbulence. 

The investigators have made a very worthy effort to rate 
current meters in flowing water, but it is felt that the results are 
questionable due to the distortion effect of the pitot tube, the 
uncertainty of the weir,and the fact that the restricted flume un- 
doubtedly caused overregistration. 


J. D. Scovitte."" The writer witnessed a number of the tests 
described by the author and wishes to emphasize the extreme 
care with which these experiments were made. They represent 
a distinct step forward in the field of current-meter work. It is 
believed by the writer that no previous experimentation has been 
done to investigate the effect of velocity variation across the face 
of the current meter. The difficulty in this work is to get the 
average velocity in the cylinder of water which rotates the meter. 
Using a pitot tube which has been calibrated in the throat of a 
venturi in straight-flowing water is not satisfactory for use in 
turbulent water since its coefficient will be lower in the disturbed 
flow. Hence the necessity of calibrating the pitot tube under 
the conditions of flow which occurred where it was to be used. 
This was done by a very thorough traverse of the entire flume 
with especial emphasis on the flow adjacent to the walls and im- 
mediately in front of the current meter. This calibration depends 
on the weir rating for its absolute accuracy. It is independent 
of the weir rating for its relative accuracy in straight-flowing and 
turbulent water. Fig. 11 of the paper indicates that the pitot- 
tube coefficient in turbulent flow of the type produced during 
these experiments is of the order of 2 per cent less than the coeffi- 
cient in smooth flow. 

Based on the pitot-tube coefficients so determined, the type-1 
current meters show a distinct tendency to overregister in tur- 
bulent flow. One criticism offered is that the pitot-tube coefficient 
used in the determination of the average velocity in the current 
area is of course the average coefficient over the whole flume area 
and may not be the correct coefficient immediately in front of the 
meter. Granting this to be true, the error probably is not suffi- 
cient to alter the fact that the paddle-type Ott meter tended to 


10 “Technical Measurements for Performances of Machines and 
Operating Control,” by A. Gramberg, Julius Springer Berlin, 1933. 
'! Hydraulic Engineer, S. Morgan Smith Company, York, Pa. 
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overregister in the turbulent flow produced at the I. P. Morris 
laboratory, Eddystone, Pa. 

There are tests on current meters which show that when a 
meter is placed in a small pipe or flume it will overregister as 
compared with its behavior in a large pipe. This effect is elimi- 
nated at Eddystone since the velocities are all referred to a weir 
which was calibrated volumetrically. As noted in Fig. 12 of the 
paper, the area of the flume was corrected for the reduction of 
area by the meters. These tests indicate that great care must 
be taken in selecting a location for a current-meter measurement. 
In most cases preliminary tests should be made to ascertain 
whether or not turbulence or angularity exists. 

Henri Deglon.'? To make sure that the author’s conclusion 
is correct, the errors introduced when testing must be known in 
amplitude and sign. The pitot-tube readings were not simul- 
taneous. The mean pressure was obtained by piezometer read- 
ings. The pitot-tube coefficient was found for the whole canal 
cross-sectional area and assumed to be the same for the current- 
meter area. The most important error is the one concerning the 
mean pressure. 

In disturbed flow as shown on isometric velocity diagram, 
some dynamic effect due to oblique velocity may take place at 
the piezometer locations which will indicate too low or too high 
mean pressure and consequently affect the velocity distribution 
computed with this mean pressure and which is used to check the 
current meter. A too high mean pressure will indicate over- 
registration of the current meter and a too low mean pressure an 
underregistration of the current meter. 

The writer suggests the use of a spherical piezometer pitot 
tube to check the correctness of the piezometer readings, especially 
for disturbed flow. 


AvuTHOR’s CLOSURE 


The statement by Mr. Deglon to the effect that the pitot-tube 
readings were not made simultaneously, should be modified in 
the light of the test procedure used by the author. The current- 
meter record was taken between each pitot-tube traverse. The 
individual pitot readings could be reproduced by check readings 
provided the flow had not been interrupted. If the pump were 
shut down during a series of tests and then restarted, the flow 
pattern would shift and the check readings at any point would 
vary from the original observations. No series of test runs 
was used in the investigation unless the flow conditions remained 
undisturbed throughout the complete group of traverses and 
meter recordings. The current-meter registration was recorded 
at least eight times during each test and if any discrepancy 
between readings were found, the group of runs was rejected and 
the test repeated. While the pitot readings and the current- 
meter readings were not made simultaneously, they were read 
alternately and checked completely to insure the elimination of 
any error which might be introduced on this account. 

The detailed theoretical analyses by Mr. Mousson and Dr. Ott 
are illuminating and present other interpretations of the test 
results. The author believes however that the fundamental 
difference between current-meter behavior during still-water 
rating and during operation in flowing water with varying de- 
grees of turbulence cannot be established by purely theoretical 
discussions. The technique of current-meter calibration has 
been developed to a high degree of perfection by Dr. Ott and 
also by the National Bureau of Standards in Washington, D. C. 
All of these calibrations however are made in still water. 

The two-type current method" has been based upon the 

12 Hydraulic Engineer, 8. Morgan Smith Company, York, Pa. 

13 ‘Water Gaging for Low-Head Units of High Capacity,’”’ by 
J. M. Mousson, Trans. A.S.M.E., vol. 57, 1935, paper HYD-57-10, 
pp. 303-316. 
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difference in registration of various types of meters developed 
from the angular calibrations of meters in still water as pointed 
out by White and Rheingans.'4 

The thesis that a current meter will perform exactly the same 
in turbulent flow as when rated in still water at various angles 
has not yet been proved by tests or by practical experience. For 
example, in the first series of tests conducted by the author under 
smooth-flow conditions without pitot-tube measurements, the 
difference in registration of type-1 and type-2 meters indicated 
an apparent angularity of flow of over 11 deg. Comparisons of 
the chronographic record in the laboratory and in the field tests 
at Safe Harbor indicated that the conditions in the laboratory 
under smooth flow were much better than those existing in the 
field. The conditions in the laboratory under turbulent flow 
were not as good as those existing in the field for the center 
meters, but seemed better than those for the meters adjacent 
to the walls of the intake. 

In spite of the steadier flow in the laboratory, a strict applica- 
tion of the two-type meter method would require an increase 
in the discharge of approximately 1 per cent for smooth flow 
normal to the meter as shown in Table 1 of the paper. However, 
if this is considered as an apparent angularity only, and the co- 
ordinates of the correction curve adjusted accordingly, many 
of the differences of opinion in regard to the tests might be 
reconciled. Thus, the correction for flowing water versus still 
water could be taken as approximately 4 per cent for extreme 
turbulence, and zero for smooth-flow conditions. 

If all corrections for apparent angularity up to 12 per cent 
were omitted, and corrections were made only for angles greater 
than this amount, the current-meter tests made at Safe Harbor 
would be brought into close agreement with the Gibson test. 
This is nearly the same as taking the results of the type-1 or 
type-3 meter without any correction, which is probably as close 
to the true result as it is possible to come. 

Mr. Mousson states in the closure to his paper’ that a cor- 
rection of 5 per cent upward in efficiency was necessary, based on 
the conclusion in this author’s paper.!. Mr. Mousson has lost 
sight of the fact that corrections of this magnitude are indicated 
in extreme turbulence only, and that for conditions as found in 
the later tests at Safe Harbor, particularly after the correct 
calibration data were available, the corrections between meters 
should probably be neglected, because the corrections for angu- 
larity and the corrections for turbulence would cancel each other. 

For the conditions which existed at Safe Harbor, the probable 
error due to turbulence is of the order of 1 per cent, and if this 
correction is applied to the last series of tests, the results check 
even more closely with the Gibson method than was reported by 
Mr. Mousson. 

It is possible to carry this thought still further. As the tur- 
bulence increases, the type-1 meter seems to overregister, while 
on the other hand as the angularity of flow increases the meter 
seems to underregister. It is possible that the combination of 
these corrections may make them cancel each other, therefore 
leaving one at the starting point, namely, the use of a single 
spoked-type medium-pitch meter which is self-compensating 
under actual service conditions and needs only a reasonably 
good metering section for fair performance. 

In conclusion, the author again states that the main objective 
of his investigation was to conduct comparative tests on current 
meters under conditions which approximate operating conditions. 


14 Discussion by W. M. White and W. J. Rheingans of the paper 
‘‘Water Gaging for Low-Head Units of High Capacity,’’ by J. M. 
Mousson, Trans. A.S.M.E., vol. 58, February, 1936, p. 138. 

16 Author’s closure of ‘‘Water Gaging for Low-Head Units of High 
Capacity,” by J. M. Mousson, Trans. A.S.M.E., vol. 58, February, 
1936, p. 141. 
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Only one such study, made by Yarnell and Nagler,® was available 
when the author undertook his investigation, the result of which 
showed that the current meters behaved differently under flowing- 
water conditions than they did in the still-water flume. 

Until a sufficient number of comparative tests are made, until 
further research investigations are conducted under actual service 
conditions, and until current-meter testing in America is sub- 
jected to the same rigid proof required of Mr. Gibson’s pressure- 
time method and Professor Allen’s salt-velocity method, there 
can be no wide-spread acceptance of the current meter for 
precise flow measurements where an accuracy better than 1 or 2 
per cent is required. The practical proof of accuracy, economy 
and time saving must be made before this method can be used to 
check guarantees of turbine performance. 

The author is indebted to Messrs. White and Rheingans and 
to Mr. Scoville for their opinions in regard to the author’s re- 
search investigations. 


Drying Problems of the Ceramic 
Industry' 


R. K. Hursu.? Professor Carruthers has presented the many 
and varied factors which influence the effectiveness and the safety 
of drying ceramic products. Regulation of the procedure re- 
quires consideration, not only of the drier itself but also of the 
character of the clay material, the method of preparation and 
forming and the shape and arrangement of the ware. Drying 
difficulties may frequently be traced to improper preparation of 
the clay mass or to structural faults developed in the shaping or 
forming of the ware. Likewise, faults that become evident in the 
firing of the ware may be the result of improper drying. 

A consideration of the physical process of drying is of particu- 
lar importance in the elimination of losses by cracking and warp- 
ing of clay wares. These occur during the shrinkage period as 
a result of stresses primarily due to differences in moisture con- 
centration in different sections of the clay mass. In general, the 
drying of the ware may be considered as a two-stage process, al- 
though a third stage is sometimes distinguished. In ordinary 
operations, the second and third stages merge so completely 
that they may be considered as a single stage. With constant 
atmospheric conditions, which are maintained over considerable 
periods of time in most clay-drying operations, there is an initial 
period during which the rate of moisture loss is constant. During 
this period the surface of the ware is entirely wet and vaporiza- 
tion takes place essentially as from a free liquid surface. The 
rate of vaporization is, therefore, dependent entirely on atmos- 
pheric conditions, temperature, relative humidity and air ve- 
locity. As vaporization takes place at the surface of the ware, 
water diffuses through the pores of the clay mass from the in- 
terior. Due to the resistance of the capillaries, however, the 
diffusion is not equal in all parts of the clay mass and the decrease 
in moisture concentration is greater near the surface than in the 
interior. In this phase of the process the volume shrinkage is 
normally equal to the volume water loss. Shrinkage in propor- 
tion to the water loss in the outer portion of the clay mass or in 
the thinner sections is prevented or hindered by the lesser shrink- 
age of the other parts of the body. The unequal moisture con- 
centration in the different parts of the ware, therefore, results in 
stresses which are frequently relieved by cracking or warping. In 
part, such stresses may not be relieved in the course of the dry- 


1 Published as paper PRO-57-3, by John L. Carruthers, in the 
October, 1935, issue of the A.S.M.E. Transactions. 

2 Department of Ceramic Engineering, University of Illinois, 
Urbana, IIl. 
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ing processes but subsequently cause deformations in the ware 
during the firing. 

The faults which develop and the ware losses in this period of 
the drying operation emphasize the need of more study of the 
process of moisture diffusion through a clay mass and the effects 
of particle sizing, grain packing, shrinkage characteristics and 
strength changes in the body during drying. Regulation of at- 
mospheric conditions so as to control the rate of surface evapora- 
tion is essential to more or less balance this with the rate of mois- 
ture diffusion through the mass. A means whereby the moisture 
concentration could be readily determined at different depths in 
the body during drying would greatly facilitate control, especially 
in the drying of large clay masses. 

The second stage or phase of the drying operation may be 
termed the falling-rate period. With constant atmospheric con- 
ditions, the rate of moisture loss progressively decreases. The 
diffusion of moisture through the ware becomes the controlling 
factor in this stage of drying, the rate depending entirely on the 
rate at which moisture is supplied to the surface where it is 
vaporized. The relative humidity of the air has a negligible 
effect but the temperature becomes increasingly important, 
since the viscosity of the water in the clay mass is decreased and 
its rate of diffusion is, therefore, increased by rising temperature. 
The time required for completion of the drying operation after 
shrinkage ends is decreased materially by higher temperatures 
in this period. 

There is a danger in increasing the temperature too rapidly 
before shrinkage is completed in that the rate of surface vapori- 
zation becomes too rapid and the rapid drying of the outer por- 
tions of the ware results in ‘case hardening’”’ and increased ten- 
dency to cracking. 

Absorption of moisture from the air by the clay body in the be- 
ginning of the drying treatment is a common condition in driers 
of the progressive type. It occurs whenever the temperature of 
the entering ware is below the dew point of the air in the receiving 
end of the drier. Not only may it cause slumping or deforming 
of the ware, but it may accentuate cracking losses. In many 
cases, the difficulty is avoidable if there is sufficient air circulation 
through the ware setting. In other cases, an increased tempera- 
ture or a prewarming treatment for the ware may be desirable. 

The importance of air circulation in the drier should be espe- 
cially emphasized. The direction and velocity of air movement 
generally receives too little attention. Particularly in the case of 
close-set wares, such as brick, the air movement through the in- 
terior of the setting is generally negligible, with the result that a 
high relative humidity will develop here. The rate of drying in 
this part of the ware will be slow, while other portions of the set- 
ting, exposed to direct air movement, are dried rapidly. In some 
cases, complete drying of a car of brick may require thirty or 
forty hours while portions of the setting are completely dried in a 
fraction of that time. From the standpoint of efficiency and of 
safe drying, the air movement and air distribution in the drier 
are of major importance. Both the design of the drier and the 
placement of ware require consideration in this connection. 

In dryers of the direct-heated type, the arrangement of the 
heating units can frequently be improved. It is not always real- 
ized that the transfer of heat by convection is a much more im- 
portant factor than radiation, and, hence, existing arrangements 
do not always provide satisfactory air movement over the heating 
surfaces. Forced recirculation of air in such driers may ma- 
terially increase their overall efficiency. 

In driers of the indirect-heated type, particularly the progres- 
sive tunnel driers, the arrangement of air inlet and exhaust ports 
is an important factor in their effective operation. The schedule 
of ware movement through the drier must be taken into consid- 
eration in this connection. In these driers, a major difficulty is 


generally found in unsatisfactory air movement through the ware 
which, as noted, results in unequal rates of drying in different 
parts of the setting. Considerable variation in the heat supply is 
commonly found when air from cooling kilns is the source of heat. 

A better realization of the importance of the drying procedure 
in manufacturing operations has resulted in recent years in con- 
siderable study of the drying process and the operation of drier 
equipment. Experimental and theoretical investigations of the 
physics of drying and of the diffusion of moisture through porous 
bodies have contributed greatly to improved control of drier op- 
erations. Considerable fundamental study of the flow of mois- 
ture through clay bodies and the character and variation of the 
moisture gradient is yet required. The effects of particle size and 
packing and of pore size and distribution need much further in- 
vestigation. The results of such study should aid greatly in the 
correlation of laboratory results and their application in the de- 
termination of effective drying schedules. In the operation of 
plant drier equipment, the adaptation of thermostatic and other 
control devices should and will undoubtedly increase. 


Exuis Lovesoy.* Professor Carruthers has given in the sum- 
mary of his paper five principal factors in the solution of drying 
problems. The third factor, “The physical characteristics of clays 
and product shapes,” is the most important one and is the least 
controllable. 

Flattening stones, tank blocks, and glass pots require weeks, 
and sometimes months, in their manufacture chiefly because of 
the difficulty involved in safe drying. The same elay mixture 
made into smaller units such as brick, for example, can be safely 
dried in 24 hours or less. ; 

In structural products such as brick, hollow tile, and paving 
brick, a 24-hour drying period is the basic time unit for fast- 
drying clays although many clays and shales in such ware could 
be dried in a shorter period of time. The drying is intermediate 
between the machine operation and the kiln setting. Since these 
two stages in the manufacturing process are daily tasks, the dry- 
ing equipment is balanced with this daily operation. If the char- 
acter of the clay is such that a longer drying period is required, 
the drying equipment may have to be doubled, tripled, or quad- 
rupled to adapt the operation to the time needed to maintain the 
daily balance. 

While many of these common wares in small units dry safely in 
24 hours or less, others require from 2 to 7 days and longer. In 
one operation which came to the writer’s attention the drying pe- 
riod was six weeks and the product was acommon brick. These 
extended drying periods are required because of the clay charac- 
teristics. 

There are clays and shales of wide areal extent which cannot 
be dried safely regardless of the length of the drying period and 
no matter how they are treated. The chemical treatments, men- 
tioned by Professor Carruthers, to flocculate the colloidal ma- 
terial, are but partially effective. If the clay is not excessively 
bad in its drying behavior, the chemical treatments lessen the 
drying loss, and sometimes may practically eliminate the loss, 
but the extent of the gain in these limited instances is negligible 
when these treatments are applied to a clay with extremely poor 
drying qualities. 

The writer has experimented in the laboratory and in the fac- 
tory with a western shale from which a common brick product 
was made. This ware cracked badly even before the ware could 
be taken from the machine and placed in the drier. The writer 
would not say the shale had poor drying qualities because in the 
few minutes between the machine and the drier no actual drying 
could take place. The cracking, however, was identical with that 
of a bad drying shale. 
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The writer found that preheating was effective in correcting the 
fault in this shale. Preheating, however, is difficult to control. 
A calcined shale was resorted to next and mixed with raw shale 
in equal quantities. This proved to be effective. 

Grog, sand, or other nonshrinking material is commonly re- 
sorted to for correcting or lessening drying faults. The effect is 
chiefly mechanical. It lessens the shrinkage, serves as a binding 
material and, if not vitrified, it absorbs some of the colloidal clay. 
On the other hand a Louisiana shale was treated with grog up to 
75 per cent at which content the mass became too weak to work, 
with no appreciable gain in drying behavior. The writer has 
tested many such clays which had to be condemned because of 
their impossible drying qualities. 

Air and gases entrapped and occluded in pugged clays are now 
being evacuated under 28-in. vacuum by the writer. The wet 
strength of a clay may be determined by bending a 1-in. wet bar 
until it cracks through. Strong clays seldom exceed a bending 
angle of 25 deg and generally the angle at which the bar cracks 
ranges between 10 deg and 15 deg. When the clay is deaerated 
the bar may be doubled on itself without cracking and can be 
tightly coiled. In the early stages of this deaeration develop- 
ment it was claimed that this treatment would greatly improve 
the drying behavior of the clays. It was reasoned that the in- 
creased wet strength would correspondingly resist the shrinkage 
strains. 

It was found that deaerating has little beneficial effect on the 
drying behavior of the clays and in a number of instances the be- 
havior has been decidedly worse. Weakness in a clay in the wet 
state is not a primary cause of bad drying behavior. 

Professor Carruthers mentions diffusion as one factor in the 
drying problem. The writer believes it to be a major factor. 
As a result of a series of tests, the writer has concluded that the 
drying behavior is affected greatly by the manner in which (1) 
the shrinkage water moves from within the mass to the surface, 
(2) the rate of this movement and (3) especially the variables in 
the rate of this movement, this latter being designated as differ- 
ential flow by the writer. This is a phase of the problem which 
has received little attention. 

An interesting field for study but one which has received very 
little attention is the relation of clay characteristics to geological 
periods. The Paleozoic shales and fire clays are generally good 
in their drying behavior. The Mesozoic Cretaceous shales and 
those of the Cenozoic Tertiary period generally are erratic in 
their drying behavior. 

The explanation given is that the Paleozoic deposits have been 
subjected to gradually increasing heat and pressure as mountain 
uplifts are approached and in consequence the colloids, previ- 
‘ously flocculated by humus and pyritiferous acids, have been 
more or less sintered into aggregates. The Cretaceous and Ter- 
tiary shales are high in lignite and pyrite and all they lack are 
heat and pressure to align them with the Paleozoic shales. 

On the other hand the Cretaceous fire clays and other buff firing 
clays, despite the extreme fineness of grain of many of them, are 
widely used in clay products. However, their drying behavior 
although not always of the highest order, is generally quite good. 

Some of these clays will stand any reasonable abuse in drying 
treatment. Many of them are used in mixtures with other clays, 
flint, and feldspar, and therefore the drying fault of the clay in 
question may be hidden. Although the clays are satisfactory, 
their accompanying shales and the shales of the later Tertiary 
period must be condemned. 

Considering next the glacial clays of the Cenozoic Quaternary 
period, it has been found that, although many of them are more 
or less faulty in so far as their drying is concerned very few of 
them are absolutely worthless and many of them have excellent 
drying qualities. There is no more severe drying treatment than 


the early Hudson process of making brick in the morning, placing 
them on the open yard exposed to sun and wind, racking them 
up late in the afternoon and placing them in the kiln the following 
day. 

The glacial clays find wide use in building-material products, 
draintile and flower pots, thus giving them a rank as practical 
drying clays. These clays are not high in pyrite nor carbon and 
they have not been subjected to any of the conditions which cor- 
rected the inherent faults of the deposits of the Paleozoic era. 
What then becomes of the theory that heat, pressure, and acidu- 
lation have corrected inherent drying faults? One explanation 
favorable to the glacial clays is that they have been developed by 
rapid grinding of unaltered rocks and not by slow disintegration 
by atmospheric agencies followed by transportation and accom- 
panying pulverization. Consequently, the glacial clays will not 
be high in colloidal clay content. 


A. KE. Stacey, Jr.‘ As Professor Carruthers has indicated 
molds present another drying or conditioning problem in the 
making of ceramics. The amount of moisture in the mold which 
will produce a perfect product is restricted within very definite 
limits where the casting method is used. Should the mold be too 
dry, the moisture will be removed too rapidly from the slip next 
to the surface of the mold and may cause, in extreme cases, “pip- 
ing” and “balling.’’ This trouble due to too dry a mold is expe- 
rienced during the winter months, when the relative humidity 
in the shops is very low. On the other hand, during the summer 
when the relative humidity is high, the moisture in the molds will 
increase beyond the point where sufficient water will be absorbed 
from the slip to allow the removal of the core without damage to 
the piece or without the removal of sufficient water from the slip 
to give it enough stiffness for handling. 

The determination of the proper temperatures and relative 
humidities making up a drying cycle is very important and upon 
it depends the success of the drier. The drying rate at the sur- 
face of the clay must not be greater than the rate of diffusion of 
the moisture through the clay, otherwise, strains will set up in 
the ware, causing cracking and checking. With a constant air 
motion, this rate of drying may be controlled by controlling the 
wet-bulb and dry-bulb temperatures of the air passing over the 
piece. It has been found of assistance in the building up of a 
drying cycle, not only to make weight determinations of several 
pieces at periodic intervals but also to measure the shrinkage. 

When the shrinkage ceases, the pieces are relatively safe, ex- 
cept for expansion due to increase of temperature. Relatively 
few clay mixtures are dangerously sensitive to this. At this pe- 
riod of the drying, the clay particles have assumed their final po- 
sitions relative to each other, so that there is no further danger of 
strains being set up in a piece. The rate of drying can be safely 
increased by lowering the relative humidity in the drier, by in- 
creasing the temperature, or by a combination of both. 

Drying cycles for ceramic ware consist of three definite pe- 
riods: (1) heating up, (2) soaking and drying at a controlled rate, 
and (3) final drying. 

The duration of the first period is approximately 25 per cent of 
the total time of drying, during which the ware is raised to the 
drying temperature with only sufficient evaporation to maintain 
the stiffness of the clay. 

The second period is the time of equalization and then drying 
at an increased but well-controlled rate. This may be from 25 to 
50 per cent of the total drying cycle. During the final period of 
the drying cycle, the moisture content of the ware is reduced to a 
point safe for firing. For many clay mixtures this point is about 
2 per cent, but may vary somewhat depending on the rate of heat- 
ing up. 


‘ Carrier Engineering Corporation, New York, N. Y. 
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The necessity for controlled drying is important both from the 
standpoint of quality of ware and stabilization of production. 


A. O. Hurxrsau.’ Professor Carruthers’ paper brings to the 
fore a comprehensive list of problems in connection with the dry- 
ing of ceramic ware. The writer’s experience has brought him in 
contact with many problems of drying this product and in his 
opinion the most important factor in these probiems is the one of 
shrinkage. The writer believes that special methods of prepar- 
ing the clay is not a solution to the problem and is of the opinion 
that clay ware can be dried without cracking by properly con- 
trolling humidity and air distribution in the drier. 

The losses of ware in a ceramic plant due to cracking are al- 
ways great. As water is removed from clay products during the 
drying process, the ware shrinks and cracks because shrinking 
does not occur at an equal rate throughout the piece. The best 
known method for the prevention or reduction of cracking is the 
use of high humidity in the early stages of drying. High humidity 
holds the material in a plastic state so that the moisture can be 
evaporated at a uniform rate over the entire piece. Shrinkage 
vecurs when some favorable point is selected for the drying of the 
ware. Shrinkage under this condition also sets up strains in the 
ware and results in the cracking of the pieces. 

The writers organization has developed a shrinkage gage for 
establishing the rate of shrinkage at all parts of the piece of clay 
ware on which it is mounted. This instrument enables the op- 
erator to plan the air circulation and the rate of drying so that no 
part of the piece is overstrained. It is clear that high humidi- 
ties cannot be used throughout the entire drying cycle as this 
would extend the drying beyond any possible commercial limits 
and prevent a suitable drying of the ware. 

By placing a series of these shrinkage gages at the more critical 
points on a piece of ware, the shrinkage can be observed and it has 
been the writer’s experience, after a certain stage is reached and 
the ware has a certain strength, that the remaining shrinkage in 
the ware can be disregarded and the drying from this point on can 
be hastened without harm. This point, however, varies with the 
different clay mixtures. In the case of ceramic ware, the writer 
has seen the loss due to drying cracks reduced from 10 per cent to 
).2 per cent. It is only natural that a manufacturer of ceramic 
ware should wish to dry his material in the shortest time pos- 
sible, and as a drier will only have to be one half the size to dry 
ware in 24 hours than it would be if it required 48 hours, the 
umount of material in the process of drying is consequently re- 
duced one half. The ability to make quick deliveries, therefore, 
is increased by the quicker drying time. 

In the writer’s opinion studies made in the control of the shrink- 
age of clay ware will yield any manufacturer of either large or 
small pieces of ceramic ware a most profitable return. 


J.T. Rosson.* The writer contends that the author in giving 
his reasons for the necessity of a drying process for clay ware, as 
listed in the first paragraph of his paper, should include the fact 
that glaze application on one-fired ware such as glazed wall tile 
and glazed hollow building tile requires such preliminary drying. 
The writer bases his contention on the fact that this procedure 
with one-fired clay ware is common practice. 

In the third paragraph of the paper, the author states: ‘‘Also, 
several partial drying processes are used in the industry, e.g., 
drying of filtered clay for dry pressing and conditioning of clay 
blanks for turning, repressing, or ‘sticking.’”’ It might be advis- 
able to add the statement: “Partial-drying process is used in 
the face-brick industry wherein the brick are dried sufficiently 


’ Vice-President in charge of engineering, research and develop- 
ment, Proctor & Schwartz, Inc., Philadelphia, Pa. 
* Allied Engineering Company, Cleveland, Ohio. 
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hard to set on the kiln cars, which are then passed through the 
kiln-car drier and from there to the kiln.” 

Where the author refers to the elimination of ware losses, in the 
third paragraph under the subtitle “Drying Problems,” it is 
stated that: “Cracking, warping, and strains in the ware are all 
due to drying at excessive rates. ...’’ The writer is of the opinion 
that this should read: “Drying at excessive rates may cause 
cracking, checking, warping, and strains in the ware, due to the 
fact that these faults can also occur due to improperly designed 
dies, molds, improper handling, and uneven firing.” 

In the fourth paragraph under “Drying Problems” the author 
states: “Also plastic clay wares may slump if they are heated in 
a humid atmosphere that permits little, if any, drying. The in- 
crease in temperature lowers the viscosity of the water, and the 
clay-water mixture cannot support its own weight.” It is hard 
for the writer to visualize that slumping, in such a case, would be 
due entirely or appreciably to the change in the viscosity of the 
water. While it would no doubt have some effect, from all ob- 
servations the writer believes that the slumping was due to an 
increased concentration of water on the surface of the ware, thus 
tending to form a thinner slip, with lower viscosity, due to the 
increased water content. This would decrease the yield value 
of the clay and cause it to slump. The writer will be interested 
in any further discussion regarding the cause of slumping being 
attributed to the change in viscosity of the water. 


AvTHOR’s CLOSURE 


Several of Professor Hursh’s statements are of extreme interest 
in connection with drying problems, viz., (1) the need of a method 
or device for determining the moisture concentration at different 
depths in clay ware, and (2) the need for additional research work 
on grain size, particle packing, pore structure, and shrinkage in 
connection with the flow of moisture through clay during drying. 

Professor Hursh’s remarks have extended and also amplified 
many of the important points that were outlined in the paper. 
However, it has been shown by Sherwood’ that temperature, hu- 
midity, and air velocity materially influence the drying rate dur- 
ing a considerable portion of the falling-rate period. It is true 
that such conditions, except temperature, do not affect drying 
rates during the last stage of drying. While high temperatures 
will reduce the viscosity of the water and thus aid in its movement 
toward the surface, yet it is also necessary to have these higher 
temperatures to vaporize the water at a satisfactory rate. This 
is because the vapor pressure of water (in small amounts in clay 
bodies) has been considerably reduced due to the presence of col- 
loidal material, adsorption forces, soluble salts, and perhaps 
other factors. 

Mr. Lovejoy’s statement that the physical characteristics of 
clays and product shapes are the most important factor in drying 
problems is true only in a number of cases. In others, the prob- 
lem may be best solved by consideration of drying methods or 
improvement of drier equipment. Each drying process is an in- 
dividual problem and complete analysis only can indicate the best 
method for its solution. Chemical treatment, addition of grog, 
or preheating should be used only if they are justified in the results 
obtained. 

Mr. Lovejoy’s discussion concerning the relation of clay char- 
acteristics, and hence drying behavior, to the geological periods 
of the clay formation is an interesting contribution to the subject. 
While such knowledge cannot be of much aid in solving problems 
at hand, yet it is useful in considering the possibilities of a certain 
clay for new enterprises. 

The author agrees with Mr. Stacey’s statement that “the dry- 
ing rate at the surface of the clay must not be greater than the 


7 “The Mechanism of Drying Clays,” by T. K. Sherwood, Trans. 
American Institute of Chemical Engineers, vol. 28, 1932, p. 118. 
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rate of diffusion of moisture through the clay.’’ With certain 
clays and products, no damage is done when the drying rate is 
very high. However, it is the author’s opinion that each clay 
and product shape has a definite limiting moisture-concentra- 
tion gradient from the surface to the interior of the section that 
will cause cracking to take place. If vaporization and diffusion 
can be balanced to produce a nearly straight-line gradient with 
not too great a slope and hold it fairly constant while shrinkage is 
taking place, then safe drying will be obtained. The slope or 
shape of the gradient is really the determining factor. 

It is true ‘that clay ware can be dried without cracking by 
properly controlling humidity and air distribution in the drier,”’ 
as pointed out by Mr. Hurxthal, but in many cases the time of 
drying can be materially reduced and the factor of safety in- 
creased if changes in the characteristics of the clay can be brought 
about by some of the treatments described by the author without 
affecting the quality of the finished product. Treatment of the 
clay as an aid in working out drying problems has proved bene- 
ficial in a number of cases that could not be solved satisfactorily 
from both technical and economic viewpoints by control of dry- 
ing conditions. 

Improperly designed dies and molds, lamination, improper 
handling, and uneven firing can be considered as causes of crack- 
ing, checking, warping, and strains in the ware as indicated by 
Mr. Robson. However, when such faults prevail, the drying 
rates must be very low to prevent the occurrence of these troubles. 
The solution of drying problems is often found through correction 
of materials, equipment, and processes which are not a part of 
the drier system. 

The author pointed out that slumping was ordinarily due to 
absorption of additional water that had been condensed on ware 
faces whose temperatures were below the dew point of the drying 
air. The author’s statement regarding the lowered viscosity of 
the water as a possible cause of slumping was based on results ob- 
served in test work. When hot clay and water are mixed into a 
plastic mass, less water is required to develop a certain consist- 
ency than when the mixture is cold. Also, samples of plastic clay 
were heated rapidly, with practically no drying, by passing an 
alternating current through the mass. The increase in tempera- 
ture with no reduction in moisture caused the samples to slump. 
Large clay pieces heated in a humid atmosphere have been ob- 
served to slump. Such actions were attributed to a lowering of 
the viscosity of the water. 


Safe Operation of High-Speed 
Locomotives’ 


F. W. Carter.? Mr. Cain’s paper is a welcome contribution 
to a subject in which the correlation of theory and practice is 
more than ordinarily difficult, and indeed in which theory can 
hardly go beyond indicating tendencies. In this connection the 
writer quotes from the introductory paragraphs of the paper in 
which the question of the stability of running of locomotives was 
first discussed comprehensively.* 

“In applying mathematical analysis to such a subject as the 


1 Published as paper RR-57-3, by B. S. Cain, in the November, 
1935, issue of the A.S.M.E. Transactions. 

? Consulting engineer, The British Thomson-Houston Company, 
Ltd., Rugby, Eng. 

3“On the Stability of Running of Locomotives,’ by F. W. Carter, 
Proceedings of the Royal Society of London, series A, vol. 121, 1928, 
p. 585. The term ‘‘stability’’ as applied to a motion is used in a 
precise technical sense. If a locomotive, conceived as running 
perfectly steadily on uniform track, is assumed to be diverted a 
little from the steady state, its motion is stable or unstable accord- 
ing to its tendency to return naturally to steadiness or depart further 
from it. 
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present, it is necessary to assume that all parts fulfill their inten. 
tions; though, actually, few do so perfectly. The track is as- 
sumed smooth, uniform, and level; the clearances required by 
mechanical considerations, except in so far as they enter into the 
problem, are assumed to be zero; lubricated slides are assumed 
frictionless; and so on. It must be postulated that a tendency 
shown by a machine in which the parts fulfill their intentions will, 
in general, evince itself in some form in such machines as can ac- 
tually be constructed. The observed phenomena are likely to re- 
flect the conditions in being less definite, less regular, and more 
catastrophic than the analysis would indicate; and the results of 
the present analysis are not expected to possess metrical value of 
a high order. This, however, is in the nature of the subject and 
does not detract from the value of the study of tendencies, and 
the importance to the designer of a knowledge of conditions tend- 
ing to produce stable running.” 

The writer does not agree with Mr. Cain that the coning of the 
wheel treads is among the causes of instability of running. This 
coning causes any divergence from a straight path to result in a 
sinuous motion whose natural increase is a manifestation of in- 
stability, but in itself it appears to make for stable running. _ It is 
true that, in certain earlier work,‘ the writer has assumed that 
the conditions of stability are not appreciably affected by the 
coning of the wheel treads, for coning introduces complications 
that the writer was then unwilling to face, and accordingly took 
refuge in the plea now produced by Mr. Cain, that the coning is 
small and, in operation, variable and uncertain. As a conse- 
quence of the assumption of zero coning, certain erroneous con- 
clusions were promulgated; the running is, in some cases, if not 
in general, more stable than these conclusions would indicate, for 
the coning, although small, has appreciable effect. 

For instance the 0-4-4 locomotive, which on the simpler theory, 
as Mr. Cain points out, tends to buckle its wheel base, neverthe- 
less has a region of stability even at considerable speed, as is 
shown in the papers to which Mr. Cain refers. This is conditional 
on the centering force for small displacements being suitably 
moderate, i.e., the centering should be elastic and should not lock 
at the central position. Another locomotive which the simpler 
theory condemns is the symmetrical locomotive having a truck at 
each end. Certain steam locomotives of the so-called Baltic 
type (4-6-4) are used for passenger service on the Southern Rail- 
way and are said to run with exceptional steadiness. The writer 
must confess that he was dubious about this, particularly as one 
of the locomotives was involved in a derailment. In endeavor- 
ing to determine the cause of the derailment, however, the writer 
was astonished to find the locomotive stable throughout a con- 
siderable region. The calculation and results are given in an 
appendix to the I.C.E. paper to which Mr. Cain refers.§ 

The investigation of stability of running indicates that a cer- 
tain suitable elasticity, depending on the design of locomotive, is 
required in the centering devices if natural stability is to be at- 
tained. Devices which lock at the central position do not satisfy 
this condition and never result in real stability. If the elasticity 
required for stability is not suitable for guiding the locomotive on 
curves, it should be made auxiliary to the latter, as is indicated 
in the I.C.E. paper to which reference has been made.** 

It should be noted that the sinuosity of motion arising from 
the coning of the wheels, being periodic in space, has a time period 
which varies with the speed of the locomotive. _ If this time period 


‘Railway Electric Traction,” by F. W. Carter, Edward Arnold 
& Co., London, Eng.; Longmans, Green and Company, New York, 
1922, chap. 2. 

5 “The Running of Locomotives With Reference to Their Tendency 
to Derail,’’ by F. W. Carter, selected engineering paper, The Insti- 
tution of Civil Engineers, 1930. 

U.S. patent no. 1,851,382. 
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ean correspond with the rolling period, or other natural period of 
oscillation of the locomotive, within the range of operative speed, 
the oscillation in question is likely to be aggravated by resonance 
when running at the appropriate speed. 


B. F. Lancer.” Mr. Cain has studied many of the same prob- 
lems as were worked on by J. P. Shamberger and the writer, and 
states that his calculations are not in agreement with ours. This 
is correct, but he should also have pointed out the more important 
observation that the stated conclusions regarding locomotive de- 
sign are in perfect agreement, despite different methods of attack. 

The actual numerical value of the creepage coefficient is un- 
certain and its presence in a formula for critical speed is not de- 
sirable. It is interesting to note in the author’s formula for criti- 
cal speed that if all the wheels in an axle group have equal size and 
loading, which is usually the case, the creepage coefficient cancels 
out and the critical speed becomes independent of the numerical 
value of this coefficient. 

In the author’s treatment of the effect of lateral clearances on 
critical speed he assumes that “the motion of the frame laterally 
with respect to the axle is proportional to the motion of the axle 
laterally with respect to the track and that the internal clearance 
is taken up at the same time as the track clearance.”” This is not 
a reasonable assumption if the vehicle has a spring-borne mass 
which rolls from side to side. In such a case, if the amplitude of 
roll is sufficient, the hub clearance will be taken up on one side 
for all axles at the same time, which is not the case for the 
author’s assumption. The result of his analysis is a formula from 
which it might be concluded that large track clearances are ad- 
vantageous since they raise the critical speed. This is contrary 
to general belief and contrary to Mr. Cain’s own beliefs as stated 
in his conclusions. 

In the study of operation on curves it is possible to avoid the 
method of successive approximations suggested by the author. 
Heumann® has developed a direct graphical method which the 
writer found very convenient in locating the equilibrium position 
of a wheel base on a curve. 

The fact that Mr. Cain’s conclusions regarding locomotive de- 
sign agree so well with those already drawn by Mr. Shamberger 
and myself,® despite different methods of analysis, is very inter- 
esting and adds strength to the validity of both papers. 


AuTHOR’s CLOSURE 


The author agrees with Dr. Carter’s remarks, which are based 
on the conditions of running of a locomotive in which there are no 
flange impacts. The question of stability under these conditions 
is noted very briefly on page 473 of the paper! where oscillations 
started by inherent instability are discussed. Dr. Carter states 
that stability under these conditions requires truck-centering de- 
vices with proper elasticity, without a central lock. The central 
lock, however, has such advantages on high-speed curves and on 
rough track that its use is very general on high-speed electric loco- 
motives, most of which therefore are unstable according to Dr. 
Carter. The actual side thrusts resulting from this instability 
are, however, very small indeed for the large locomotives with 
long wheel bases on which the author has the most complete ex- 
perimental data. Even a perfectly stable locomotive, according 
to Dr. Carter, will become involved in flange impacts resulting 
from curves and rough track. The practical problem is to study 


™ Mechanics Division, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. 
5 “Lateral Oscillations of Rail Vehicles,’ by B. F. Langer and J. P. 
Shamberger, Trans. A.S.M.E., vol. 57, 1935, paper RR-57-4, p. 481. 
*“Zum Verhalten von Eisenbahnfahrzeugen in Gleisbogen,’’ by 
a Heumann, Organ fiir die Fortschritte des Eisenbahnwesens, 
» p. 104. 
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the stability and the size of the side thrusts under the worst con- 
dition, i.e., when the locomotive is producing heavy side thrusts 
between the flanges and the rail. 

In this case, the conditions are actually less variable than in the 
absence of flange impacts. Hence, it becomes possible to include 
the variations of track, the finite clearances between moving 
parts and the friction in springs and slides, and to approach rea- 
sonably close by calculation in many cases to the actual values of 
force which have been measured accurately in service. 

Under these conditions of fairly regular flange impact, which 
are not the same as those considered by Dr. Carter, the author be- 
lieves that the effects of coning of wheels are small. Without 
heavy flange impacts, it has been observed rather generally on 
car trucks that coning makes for steady running except in high- 
speed cars for which the weight of the trucks is a comparatively 
large proportion of the total weight. In this case, the advan- 
tages of the cylindrical tread depend on its action during the 
light flange impacts which occur from time to time. 

With regard to the oscillation from coned wheels being periodic 
in space, this is no doubt true as long as flange impacts are negli- 
gible. As soon as these blows become serious, however, the os- 
cillation changes its nature completely and the author has ob- 
served in many locomotives that this oscillation has a nearly con- 
stant period which is independent of the speed of the locomotive. 
This may be the period of roll or may be the natural period of 
nosing during flange impact, as mentioned on page 476 of the origi- 
nal paper.! 

Mr. Langer states, in regard to the differences between his and 
the author’s studies, ‘‘that the stated conclusions regarding loco- 
motive design are in perfect agreement, despite different meth- 
ods of attack.’’ This is true regarding most of the general state- 
ments, and is due to the use of similar basic ideas. It is believed, 
however, that this general agreement should not conceal the fact 
that Messrs. Langer and Shamberger obtain theoretical critical 
speeds of locomotives about 50 per cent higher than those calcu- 
lated from the formulas given by the author on page 475 of the 
original paper.!' This results from mathematical inconsistency in 
their assumptions, comparatively unimportant in most of their 
conclusions, but making it necessary to examine the further ex- 
tension of their formulas with great care to insure that results are 
not obtained which originate in this inconsistency. The very 
fact that Mr. Langer agrees so closely with general conclusions 
arrived at in the paper makes it more necessary to point out such 
act:ial differences as are inherent in the calculations. 

Mr. Langer states that the presence of the uncertain creepage 
coefficient in the formula for critical speed is not desirable. How- 
ever, he points out that the coefficient cancels out if the wheels 
are equal and equally loaded. It will also be found that with 
different wheel sizes and weights, a large variation in the creep- 
age coefficients produces very slight change in the critical speed. 
In any case, the same objection can be raised to the uncertain 
values of friction or whatever other kind of force is assumed to 
act at the wheel treads. 

Mr. Langer has raised an interesting question in connection 
with the approximation suggested in the paper for the effect of 
internal clearance. This approximation is actually useful in 
many cases in considering the effect of changes in internal clear- 
ance. It leads directly to the result that large internal clear- 
ances result in low critical speed, which is generally true. When 
it is a question of keeping the internal clearance constant and 
varying the track clearances, the superficial indication that 
large track clearances are desirable is not in accordance with the 
facts, as Mr. Langer points out. For one reason, an increase in 
track clearance means a roughly proportional increase in the os- 
cillation energy and the approximation cannot be expected to 
hold very well under this condition. Second, the increased mo- 
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tion results in increased force, so that when reasonable track ir- 
regularity is assumed, a slight increase in critical speed may be as- 
sociated with rougher riding, due to the increased motion. 

Third, this is an excellent. example of the importance of treat- 
ing these simplified formulas only as first approximations, and of 
carrying the calculations beyond the value of the critical speed 
to the actual value of the lateral forces. When allowance is made 
for rolling and other motions of the locomotive, as well as for 
rough track, it will be found that the theory closely parallels the 
observed facts and that the approximate treatment of internal 
clearance suggested in the paper is useful, at least in the pre- 
liminary calculations. No more is claimed for it. 


Radiation From Nonluminous 
Flames’ 


BERNARD Lewis.? It is gratifying that the simplicity of the 
relationships governing radiation from flame gases to which the 
early work of Paschen and Schmidt pointed but which has been 
frequently overlooked, has been so unambiguously confirmed in 
this work of Messrs. Hottel and Smith. Thus the thermal 
origin of the radiation from the burned gases which have emerged 
from the reaction zone is established. The calculation of heat- 
transmission problems is thus considerably advanced. 

While the foregoing holds for the burned phase which has 
come to equilibrium, it might be asked to what extent chemi- 
luminescence forms a part of the radiation from the gases which 
are in the act of reaction. As is well known, the reaction zone 
is confined to a narrow boundary region separating burned from 
unburned gases. Here, one would expect the presence of highly 
energized molecules or radicals which conceivably may alter the 
intensity distribution of the emitted radiation to a considerable 
degree. Thus, for example, Kondratjew* points out that the 
shift toward longer wave lengths of the emission bands in the 
hydrogen-chloride flame compared with the absorption bands in 
hydrogen chloride is an indication of the presence of highly 
energized hydrogen-chloride molecules, in numbers far greater 
than is given by equilibrium conditions. In this connection an 
interesting discussion is found in the literature on the radiation 
from carbon-monoxide flames. Garner and Johnson‘ observed 
the radiation and flame speeds of stoichiometric mixtures of 
carbon monoxide and oxygen in tubes, the observations on radia- 
tion being made through the unburned gas in the direction of the 
approaching reaction zone. A considerable amount of radia- 
tion was observed which depended to a marked degree on the 
presence of water vapor. The addition of small amounts of the 
latter, of the order of two per cent, had the effect of decreasing 
the radiation some fourfold and simultaneously increasing the 
flame speed about tenfold. Garner and Johnson proposed that 
the radiation from the reaction zone of a dry carbon-monoxide 
flame was essentially chemiluminescent in character and that 
the action of the water vapor consisted in quenching the highly 


1 Published as paper PRO-57-4, by H. C. Hottel and V. C. Smith 
in the November, 1935, issue of A.S.M.E. Transactions. 

2 Physical Chemist, Pittsburgh Experiment Station, U. 8. Bureau 
of Mines, Pittsburgh, Pa. 

3 Journal of Experimental and Theoretical Physics (Russia), vol. 3, 
p. 265, 1933. 

‘“The Effect of Water on the Infra-Red Emission From the Flame 
and Explosion of Carbon Monoxide and Oxygen,” by W. E. Garner 
and C. H. Johnson, Philosophical Magazine, vol. 3, series 7, 1927, p. 
97. “The Effect of Catalysts on the Speed of Flame, Infra-Red 
Emission and Ionization During the Combustion of Carbon Mon- 
oxide and Oxygen,” by W. E. Garner and C. H. Johnson, Journal 
of the Chemical Society, London, 1928, p. 280. 
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energized molecules. On the other hand, Wohl and von Elbe® 
point out that the results of those authors do not exclude the 
possibility that the radiation is for the most part thermal in 
character and that the effect of the water vapor is purely to 
accelerate the flame speed catalytically and thus decrease the 
time during which radiation is emitted. The fact that the 
decrease in radiation is not strictly proportional to the increase 
in speed is, according to Wohl and von Elbe, due to cooling of 
the gases in the slower explosions thus reducing their radiation 
intensity. The emissivity observations of Hottel and Smith 
do not seem to indicate an influence of water vapor (compare 
for instance Runs No. 58 and 59M, Table 2). It should be 
borne in mind, however, that the authors’ observations were 
made in the burned gases above the cones and thus are not 
strictly applicable to the present case which should receive inde- 
pendent investigation. This is a live field for fundamental 
studies which is probably not confined to carbon-monoxide 
flames alone. However, it appears that, from an engineering 
point of view, the information on radiation contained in this 
paper is complete. One may safely say that anomalous radia- 
tion effects reported in the literature are too small to affect 
engineering calculations, but it is recognized that such anomalies 
may provide valuable information on the mechanism of the 
explosion process. Such studies are being carried out at the 
U.S. Bureau of Mines. 

On examining the data in Table 2 of the authors’ paper, one 
observes rather wide variations in the measured flame tempera- 
tures for identical mixtures. This can be accounted for by 
different linear speeds of the gases. For identical mixtures the 
higher the linear gas velocity the higher the flame temperature. 
Since the observations were always made at the same height 
above the burner this simply means that the faster moving gases 
have suffered less heat loss on arriving at the point of observation. 
An indication of the reproducibility of the results is given by the 
close agreement of the flame temperatures of similar mixtures 
for identical conditions of flow velocity. That heat losses are 
considerable under the conditions of these experiments is indicated 
by the fact that measured flame temperatures are very much 
below the theoretical flame temperatures. 

The dependency of flame temperature on flow velocity of the 
gases, for the same point of observation relative to the burner, 
is to be found in other investigations. In some instances a rather 
striking phenomenon is observed, namely, that the measured 
flame temperatures not only reach their theoretical values but 
actually transcend them. Since the phenomenon has received 
very little attention to date it seems worth while to stress its 
existence. Thus Minkowski, Miiller and Weber-Schiifer* have 
published data obtained on mixtures of illuminating gas and air 
of known composition, which show that the flame temperatures 
as determined by the sodium line reversal method at some fixed 
point above the burner, is a function of the linear velocity of the 
gases. Guided by similar observations in these laboratories, 
Dr. G. von Elbe and the writer have compared their experi- 
mental flame temperatures with theoretical temperatures and 
have found, in certain cases for high flow velocity, that the 
observed temperatures are considerably above the theoretical! 


5 Wiirmeverluste bei trockenen Explosionen beruken auf 
Luminiscenzstrahlung. Zugemischter Wasserdampf léscht die 
Luminiscenz,’’ by K. Wohl and G. von Elbe, Zeitschrift far Physika- 
lische Chemie, vol. 5, 1929, p. 262. 

“Spezifische Warme und Dissoziation von Gasen bei hohen Tem- 
peraturen,” by K. Wohl and M. Magat, Ibid., vol. 18, 1932, p. 117. 

‘Uber die Bestimmung der Ubergangswahrscheinlichkeit der D- 
Linien des Natriums aus absoluten Helligkeitsmessungen, die Dis- 
soziation von Natriumsalzen und die Halbweite der D-Linien in der 
Leuchtgas-Luftflamme,” by R. Minkowski, H. G. Miller, and M. 
Weber-Schiifer, Zeitschrift far Physik, vol. 94, 1935, p. 145. 
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values. We believe the phenomenon to be another manifestation 
of the excitation-lag effect which consists in the dependency of 
specific heats on time.?’ When a gas consisting of diatomic or 
polyatomic molecules is heated suddenly, the vibrational degrees 
of freedom do not respond immediately to the absorption of 
energy, but do so only in the course of time. This results in 
momentary excess of translational energy and therefore initial 
temperatures higher than correspond to thermal equilibrium. 
The effect was observed originally in velocity of sound experi- 
ments and later in closed-vessel explosions.” 


Lateral Oscillations of Rail Vehicles’ 


A. Grest-GIESLINGEN.? The model tests made by the authors 
according to an ingenious method, make their presentation par- 
ticularly interesting. The writer is not prepared at this time to 
go into a detailed discussion of this still very controversial sub- 
ject (see ‘Safe Operation of High-Speed Locomotives,” by B. 8. 
Cain, Trans. A.S.M.E. vol. 57, November, 1935, paper RR-57- 
3), but a preliminary opinion would support most of the general 
conclusions made, except the recommended high frequency of 
roll which very much contradicts the writer’s practical experience. 
It appears desirable to go through the critical range during ac- 
celeration near 25 mph for example, taking suitable measures to 
limit the amplitude should such speed be maintained occasionally. 
Further, where the track is good, the height of the center of 
gravity is unimportant within practical limits. 

The staggered rail joints in this country are a distinct disad- 
vantage, tending to produce both nosing and rolling, which 
should be emphasized because the remedy could immediately be 
begun when making rail renewals. The rail length should at 
least be doubled. 

It is not accidental that the first detailed studies of the subject 
of oscillations were made by representatives of the electric indus- 
try; not only is this industry more accustomed to allow the scien- 
tific man some chance for time-absorbing investigations, but 
there was also more need for such because experience has shown 
that electric locomotives are usually worse offenders than steam 
locomotives in their effect on the track. It is likely that the in- 
ternal forces of the steam locomotive, especially those from the 
reciprocating masses, though undesirable in principle, often pre- 
vent objectionable sustained nosing and rolling which would re- 
sult from the track forces alone, because of interference with the 
latter. While it appears that steam-locomotive designers gen- 
erally have done well in their attempts to obtain fairly good 
running qualities, in spite of their crude design methods, it is in- 
deed time that this subject of running qualities receive full scien- 
tifie attention. This refers also particularly to cars, the truck de- 
sign of which leaves much to be desired; even the most recent 
high-speed trains appear to be rough riders and vibrate objec- 
tionably. The writer believes that the task of improving the 
riding qualities of cars is particularly pressing at present. 


Avutuors’ CLOSURE 


The chosen natural frequency of roll must necessarily be a com- 
promise between the requirements for high critical speed and the 
requirements for lateral flexibility. By proper choice of the 
wheel spacing and weight distribution it is quite possible to go 
through resonance in roll at 25 mph and still have a high critical 
speed. This may be seen from Fig. 9, which was calculated for a 
natural frequency of roll of one cycle per second. The natural 


- Lewis and von Elbe, Journal of Chemical Physics, vol. 3, p. 63, 
35. 

1 Published as paper RR-57-4, by B. F. Langer and J. P. Sham- 
berger, in the November, 1935, issue of the A.S.M.E. Transactions. 
? Mechanical Engineer, New York, N. Y. Mem. A.S.M.E. 
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frequency of vertical motion is apt to be two or three times as 
high as that for roll. Therefore, if a locomotive designed to go 
through its rolling resonance at 25 mph were operated on a track 
with the joints placed opposite each other instead of staggered, it 
would have a resonance point in the high-speed operating range. 

The authors are by no means ready to admit that the electric 
locomotive is inherently a worse offender on the track than the 
steam locomotive. This impression may have been erroneously 
created by a combination of circumstances. One is that a high- 
speed steam locomotive is so uncomfortable at its best that a low- 
frequency oscillation is not noticeable in the cab. Another is 
that high-speed double-end operation is expected of electric loco- 
motives but not of steam locomotives, and in making his electric 
locomotive symmetrical there is a tendency for the designer to 
decrease the lateral restraint of the trucks too much. 

The authors agree heartily that the task of improving the rid- 
ing qualities of cars is particularly pressing at present. 


The Design and Performance of a 
High-Pressure Axial-Flow Fan’ 


C. E. Pecx.? The authors have developed a fan which is of 
particular interest from the standpoint of its actual test per- 
formance as well as the theoretical basis on which it was designed. 

The actual test performance shows a very flat horsepower 
characteristic, which has not been the case with the average type 
of axial-flow fan on which test data are available. This is probably 
due to the fact that the usual propeller type designed for higher 
pressure outputs has (1) large pitch angles, (2) large relative 
change in blade angle from hub to tip, (3) ratio of inside diameter 
to outside diameter 0.5 or less. These proportions may give 
satisfactory and efficient performance at the point for which they 
are designed, but as the pressure increases the losses increase 
much faster than they would if (1) pitch angles are small, (2) 
change in blade angle from hub to tip is small, (3) ratio of inside 
diameter to outside diameter is large, such as 0.70 in the authors’ 
fan. 

The authors outline a theoretical basis for design of the fan 
based on two methods: (1) A design based on effect of mutual 
blade interference in a cascaded series of airfoils, the blade- 
interference factors being obtained from wind-tunnel tests; 
(2) a design based on the equations used by O’Brien and Folsom.’ 
In reviewing this the writer finds that the equations of O’Brien 
and Folsom are used in either case as far as fundamental form is 
concerned, and the difference in the two methods of approach 
lies in what values should be used for lift and drag coefficients in 
applying the air-foil theory. One method uses the values of 
lift and drag coefficients obtained in wind-tunnel tests and cor- 
rected to values corresponding to infinite ratio of length of air- 
foil to width, infinite aspect ratio. The other method uses the 
values obtained for infinite aspect ratio and corrects them for 
mutual blade-interference effects. The latter method seems to 
check much closer the actual test values for this particular fan. 

The writer has had the opportunity to build and test a fan 
based on the theory outlined in Tietjens’ paper.‘ This fan is, 
described in a paper published recently. This fan was based 

1 Published as paper AER-57-1, by L. S. Marks and Thomas Flint 
in the October, 1935, issue of A.S.M.E. Transactions. 

2? Power Engineering Department, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa. Mem. A.S.M.E. 

3 ‘Propeller Pumps,” by M. P. O’Brien and R. G. Folsom, Trans. 
A.S.M.E., vol. 57, 1935, paper HY D-57-3, pp. 197-202. 

4“The Propeller-Type Fan,” by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 

’**An Air-Foil Type Propeller Blower for Ventilating Electrical 


Machines,” by C. E. Peck and M. D. Ross, Trans. A.S.M.E., vol. 57, 
1935, paper FSP-57-13, p. 417. 
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on the principles outlined in Tietjens’ paper and the calculated 
performance checks very closely with the test performance in 
several ways. (1) Pressure-volume curve up to inflection point; 
(2) efficiency calculated checked reasonably well with test; 
(3) angle of attack at point of inflection corresponded to the 
“burble”’ point of air-foil sections used. In searching for reasons 
why we had success in predicting performance, the following 
may be mentioned: 

(1) The values of lift and drag were used from air-foil sections 
having an aspect ratio of 5 or 6 to 1 instead of infinite as used by 
Marks and Flint! and O’Brien and Folsom.* 

(2) No correction was made for mutual blade interference as 
it was found by tests that using lift and drag values correspond- 
ing to aspect ratio of 5 and 6 to 1, the number of blades could be 
varied over a wide range without affecting the calculated per- 
formance per blade as long as the space between blades at the 
hub was equal to or greater than the width of the blade. The 
number of blades was varied from 6 to 12 without decreasing 
the thrust per blade. A fan with 24 blades spaced approxi- 
mately so that space between blades was one half blade width 
gave about half the calculated thrust per blade. Removal of 
every other blade resulted in an increase to the full calculated 
value of thrust per blade. Although these observations are 
rather incomplete and were performed only on a single fan, the 
general conclusion was that blade-interference effects on the 
fan were small as long as the proper blade-spacing arrangement 
was adhered to. From this the writer infers that as far as fan 
performance is concerned, the values of t/e (separation/chord 
length) can be varied considerably without having to be concerned 
about mutual interference effects. The results of the cascade 
tests made in a wind tunnel seem to disprove this, however, 
because based on these tests the variations in thrust per blade 
would be quite sensitive to blade spacing. 

(3) There may be some slight differences in the fundamental 
theory between that outlined by Tietjens‘ and by O’Brien and 
Folsom,’ but this does not explain the wide difference between 
calculated and test results found by the authors. The writer 
believes that the actual values of lift and drag used explain a 
considerable portion of the discrepancy found, and believes that 
values of lift and drag coefficients based on finite aspect ratio 
will give more accurate calculated results. 

For instance, the properties of the air-foil sections shown in 
Fig. 4 of the authors’ paper are based on infinite aspect ratios. 
The actual wind-tunnel tests were made with an aspect ratio of 
6 to 1, and the test results give lift coefficients as much as 25 
per cent lower than those for infinite ratio. 

The writer believes that it is more reasonable to use the finite- 
aspect-ratio data when applying them to fan design because con- 
ditions at the hub and tip are such that something equivalent to 
induced drag is taking place. In general, the aspect ratio of the 
blade itself is much less than 6 to 1 so that end effects at hub and 
tip are appreciable compared to blade length. This would be 
particularly true of the fan described in this paper since aspect 
ratio of blade at hub is less than one. In addition, the projected 
axial width of the blade is small so that it will be more sensi- 
tive to clearance conditions between the blade tip and the fan 
housing. 

The writer has applied Tietjens’ theory to the fan described 
in the paper and finds that when using lift and drag values for 
the finite-aspect ratio data given in N.A.C.A. Report No. 460, 
he can check the delivered pressure and blade angles given quite 
closely. 

This work is shown below. From Tietjens’ paper, Equation 
{14], we may write that the incremental thrust d7’ at blade 
radius r is 
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where [ = C,bv/2 
p = fluid density, 
w = angular velocity 
= aerodynamic circulation 
C, = coefficient of lift, 
b = width of blade 


v = velocity relative to blade 
The desired total thrust may be obtained by assuming T constant 
and integrating Equation [1], which gives 


wl.2re r; = outside radius of fan and r; = inside radius of fan. 
Now it should be noted that in the usual design we do not wish 
I to be constant over the blade area in the actual design, but 
solution of Equation [2] for Tons gives us an approximate 
idea of the magnitude of circulation necessary to carry out the 
design and obtain the desired total thrust. 

Using Fig. 8 of the authors’ paper, we find at the point of 
maximum efficiency that the volume is about 4000 cfm and 
static pressure is 4 in. of water without guide vanes. The caleu- 
lation will be shown as to how blade angle at hub would be 
determined to deliver this pressure and volume. For the re- 
mainder of the fan area the calculation procedure would be 
duplicated at several points on the radius and the total thrust 
could be obtained by numerical integration. This total should, 
check the desired total. 


oT 
From Equation [2] Teonss = 
(r.? — 


on T = Ap, where A = fan area in sq ft. p, = static pres- 
sure plus axial component of dynamic pressure in pounds 
per sq ft = 25.2; based on 4 in. water static pressure and 0.84 
inches of water axial dynamic pressure. p = 6.49 * 1077 
Ib per min per ft‘. 

The tangential velocity of air at fan exit is given by the rela- 


tion 
Vus = U— U2 — = r) {3} 
\ 


U = tangential velocity of blade section in fpm. 


1295 sq ft based 


In this fan the ratio of hub diameter to outside diameter is 
so large that the circulation [ is practically constant over the 
entire blade area. Hence, take I in Equation [3] = 1295 sqft. 
Vus = 4000 fpm, using value of r equivalent to hub radius 
Now from Equation [5] of the authors’ paper 


(U — '/2Vus) 


V, = 3860 fpm based on 4000 cfm volume. 
Now the velocity v relative to blade at the hub is 


tan 8 = = 0.361 and 8 = 19 deg 52 min 


v= 7 or 11,380 fpm 
sin 8 

Now . = C,bv/2, and we know all quantities except C, and ). 
If we assume either one, we can determine the other. We know 
the fan width at the hub is about 5.7 in. from data given in the 
paper, hence C, = 0.48, and this corresponds to an angle of 
attack of about 1 deg for the blade shape corresponding to air- 
foils referred to for finite aspect ratio of 6 to 1. Thus, B + a 
= 20 deg 52 min, which checks closely the authors’ blade angle 
of 21 deg 15 min at fan hub. 

The conclusion to be drawn from this approximate calculation 
is that the fan could have been predesigned reasonably accurately 
using lift coefficients for finite-aspect ratio air-foils. If we had 
used the lift coefficients for finite-aspect ratio air-foils. If we 
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had used the infinite-aspect ratio data, the angle of attack would 
have been about (—1 deg) and a + 8 would be 18 deg 52 min, 
and the fan would deliver less than designed for. If we used the 
cascade-series data correction, the calculation would be con- 
siderably in error, since such large correction factors for C, are 
indicated in this data, and the fan would deliver much more 
than designed for. Hence, the use of the finite-aspect ratio data 
seems to indicate that corrections for mutual blade interference 
are not nearly so large as indicated by the factors given in Fig. 1 
of the authors’ paper. 


AuTHORsS’ CLOSURE 


There are several errors in the equations given near the top of 
page 388 of the authors’ paper. In the equation for C,, the minus 
sign should be changed to plus. In the equation for C,, a con- 
stant k should be added before C,, and the number 0.4555 should 
be changed to 0.0091. The right-hand side of the equation for 
T should be multiplied by !/2. 

The interesting discussion by C. E. Peck is in error in ascribing 
the equations used in the “Discussion of Test Results.’”’ The 
equations there given are the standard equations of air-foil theory 
and owe nothing to O’Brien and Folsom. 

The flat horsepower characteristic was one of the special ob- 
jectives of the design and was obtained by increasing the length 
of chord of the air-foil section in preference to the more usual pro- 
cedure of increasing the angle of attack as the hub was ap- 
proached. 

Since the presentation of this paper, the authors have received 
a recent monograph by C. Keller entitled “Axialgeblise vom 
Standpunkt der Tragfliigeltheorie,” published by A. G. Gebr, 
Leemann & Co., Ziirich, Switzerland. This exhaustive theoreti- 
cal and experimental study of axial-flow fans is based upon wind- 
tunnel investigations of cascaded series of air foils. The results 
of these cascade tests should be given preference to the admit- 
tedly less complete and less exact tests reported by the authors. 
Using the cascade test data, axial-flow fans were built with 4, 6, 
10, and 20 blades, the blades being rotatable so that the angles 
of incidence could be varied. These fans were investigated with 
inlet guide vanes, also of adjustable angle. An elaborate series 
of tests, varying both the angle of incidence and the guide-vane 
angles, determined the characteristics of these fans and gave 
total efficiencies up to 84 per cent. 

This monograph establishes a new point of departure for axial- 
flow fan design and renders obsolete much of the work which had 
preceded it. As it supports very definitely the procedure of the 
authors in basing design on cascade tests, it may serve as a reply 
to Mr. Peck’s criticism of this procedure. 


An Airfoil-Type Propeller Blower 
for Ventilating Electrical Machines' 


L. S. Marxs.?- The authors state that ‘Mutual interference 
of one blade upon another was found to be very small with this 
spacing.” It would be interesting to know on what this state- 
ment is based. For very similar conditions the writer has found, 
from actual wind-tunnel tests, that the mutual interference is 
very considerable and reduces the lift of each blade by 30 to 40 
per cent. The data on this matter are given in Fig. 1 of paper 
AER-57-1, by L. S. Marks and Thomas Flint on “The Design 
and Flow of a High-Pressure Axial-Flow Fan,” published in 
the October, 1935, issue of the A.S.M.E. Transactions. 


_ + Published as paper FSP-57-13, by C. E. Peck and M. D. Ross, 
in the October, 1935, issue of the A.S.M.E. Transactions. 

? Professor of Mechanical Engineering, Harvard University, Cam- 
bridge Mass. Mem. A.S.M.E. 
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In measuring air volumes the authors used nozzles for which 
they assumed a discharge coefficient of 0.98. This value would 
be accurate enough for a nozzle discharging from a large vessel 
to the air or to another large vessel, but Fig. 4 shows the nozzle 
in a duct and indicates a ratio of nozzle to duct diameter of about 
0.6. The formula used must have included the usual factor for 
velocity of approach. The investigations of Witte would indicate 
that the selected coefficient is too high. The conditions, how- 
ever, of use of the nozzle are in no way duplicated by any pub- 
lished tests so that the coefficient must have been guessed at 
unless it was actually determined. Information on this point is 
desirable to establish the accuracy of the test results. 

In describing the full-size tests the statement is made that 
“The static pressure generated by the fan was measured in the 
discharge box after the air had passed through the screen.” 
If that is an accurate statement of the facts it would seem that 
the measured static pressure is less than the true static pressure 
by an amount equal to the screen resistance. In view of the 
high value obtained for static efficiency this seems hardly eredible. 
Further information on this point also seems desirable. 


AutTHoRsS’ CLOSURE 


With regard to Professor Marks’s question concerning mutual 
nterference between blades, the statement made in the paper was 
based on some tests run on a fan with various numbers of blades. 
A test was made on an airfoil fan with 24 blades spaced so that the 
actual distance between blades was about one half of the blade 
width. The total pressure generated, corresponding to the 
volume for which the fan was designed, was about half of the 
theoretical total pressure. With every other blade removed, the 
test value of total pressure was only slightly less than that ob- 
tained with 24 blades. This checked reasonably close the theo- 
retical value of total pressure expected for the fan with twelve 
blades; that is, the thrust per blade was the amount expected 
without using any factor for mutual blade interference. The 
blade spacing was equal to the blade width. The same fan with 
six blades gave slightly higher values of thrust per blade. In 
these tests, all of the theoretical thrusts were calculated using 
airfoil data which were based on finite aspect ratio and which 
give considerably lower lift values than those obtained using in- 
finite aspect ratio. 

Apparently the difference between the writers’ conclusions 
and Professor Marks’s conclusions concerning mutual blade-inter- 
ference effects lies in the choice of constants for lift values from 
airfoil section data. The writer has had reasonable success in 
predicting the performance of airfoil fans using lift values based on 
finite aspect ratio. This success leads him to believe that for the 
average airfoil fan blade which usually has proportions which 
give low aspect ratio, the effects of losses at the hub and blade tip 
are comparable with those obtained on the ends of a finite wing 
section as tested in the wind tunnel. In other words, when the 
blades are not spaced excessively close, the decrease in lift is not 
due to mutual interference but to losses incident to end effects 
with small aspect ratio. This opinion can only be substantiated 
by further investigation. 

Fig. 4 in the paper was only schematic. The nozzle used in 
the model tests was 6 in. in diameter placed in a short entrance 
duct of 24 in. in diameter. The duct had a well-rounded en- 
trance. Hence, ratio of nozzle to duct diameter was 0.25 instead 
of 0.6 as thought by Professor Marks, and for this arrangement 
0.980 is a reasonable coefficient. 

In the full-size tests the measured static pressure was less than 
the true static pressure by an amount equal to the screen resist-~ 
ance, but the screen resistance was found to be less than 1 per cent 
of the measured static pressure due to the low velocities and 
large size of the discharge box. 
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Measurement of Steam Rate and In- 
dicated Horsepower of Locomotives’ 


H. S. Vincent.? The method of measuring steam rate and 
indicated horsepower as proposed by the author is of value for 
the purpose for which it was originated, i.e., obtaining a com- 
parison between the efficiency of two pieces of apparatus, in this 


TABLE 1 DATA FROM TEST NO. 5937, CLASS I-1s, APPLYING 
TO LEFT HEAD-END eee € CARD, BULLETIN NO. 32, 


AGE 59 
Cylinders, diameter and stroke, 30.51 32 
Cylinder clearance, per cent of stroke.................... 4 
Branch-pipe pressure, average — test, lb persqin....... 232 
Exhaust-passage pressure, average during test, |b per sq in.. 14 
Branch-pipe temperature, average during test, F.......... 669.5 
Exhaust-pass: temperature, average during test, F....... 303 
Steam supplied to cylinder per stroke, Fig. 1, Ib........... 1.573 
Steam trapped in cylinder at closure per stroke, _ eee 0.4528 
Cutoff, card Fig. 1, per cent of stroke ................... 50.0 
Release, card Fig. 1, per cent of stroke................... 84.6 
Closure, card Fig. 1, per cent of stroke................... 21.3 
Preadmission, Fig. 1, per cent of stroke................... 0.155 
Steam-chest pressure, average, card Fig. 1, lb per sqin., abs 239.7 
Initial pressure in cylinder, card Fig. 1, lb per sqin., abs.... 216.7 
Cutoff pressure in cylinder, card Fig. 1, |b per sq in., abs... 151.7 
Pressure at release, card Fig. 1, lb per sqin., abs.......... 85.2 
Pressure at closure, card Fig. 1, lb per sq in., abs.......... 39.7 
Pressure at preadmission, card Fig. 1, Ib per sq in., abs..... 207 .0 
Total heat per lb of steam in branch pipe Btu = Hsz...... 1354.85 
Total heat per lb of steam in exh. passage Btu = //r...... 1190.61 
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case, two types of steam superheaters. As a method of measur- 
ing the actual steam rate or horsepower of a locomotive, it falls 
short of the accuracy required for practical purposes. 

It is of course true that the energy delivered by any apparatus 
is equal to the difference in the heat content of the working 
fluid at entrance and at exit to and from the apparatus, minus 
heat leakage in the process. To obtain the thermal values neces- 
sary for measuring the work done in the cylinder, the heat con- 
tent of the working fluid must be measured at entrance to and 
at exit from the cylinder or as near thereto as circumstances will 
permit. 

In locomotive tests conducted by the Pennsylvania Railroad, 
the thermal content of the entering steam is measured in the 
branch pipe as close as possible to the cylinder. Prior to 1926, 
the exhaust-steam temperature was recorded at a point near the 
head end of the right and left cylinders. In later tests, the tem- 
perature is taken at a point near the junction of the two cylin- 
ders where the steam from the two ends of the cylinder mingles. 
The exhaust pressure was formerly read from a steam gage in 
which a retarding device was used to steady the pulsations. 
In present-day tests the pressure is taken by a manometer lo- 
eated near the point where the exhaust-steam temperature is 


1 Published as paper RR-57-5, by Arthur Williams, in the Novem- 
ber, 1935, issue of the A.S.M.E. Transactions. 
2? East Harwich, Mass. Mem. A.S.M.E. 
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recorded. The exhaust-steam records are taken at approximately 
10-minute intervals and averaged for the test. 

In the method adopted by the author, the heat content of the 
exhaust steam is measured at a distance of 6 or 7 ft from the 
cylinder and after it has passed through a circuitous passage not 
adequately jacketed. The resulting steam rates obtained under 
these conditions are lower than can be sustained by actual meas- 
urement of indicator cards and from actual steam flow. 

Evidence supporting the writers contention is given herewith, 
using as a basis of discussion an indicator card from test No. 
5937, as shown on page 59, of Pennsylvania Railroad Bulletin No. 
32. The card as shown in the bulletin has been carefully scaled 
and enlarged as illustrated by Fig. 1 of this discussion. 

The characteristics of the locomotive and of the particular test 
selected are given in Table 1 of this discussion. 

The indicated horsepower developed during the piston stroke 
represented by Fig. 1, is given by the equation 

98.65 30.51 xX 32 160 X 


= 932.5...... 1] 
33,000 12 4 


The corresponding thermal equivalent per stroke, is 
02.5 X 3000 9 
778.57 160 {2 
To determine the heat exchange between the steam and the 
cvlinder walls, it is necessary to analyze the card shown in Fig. | 
of this discussion, using the Hirn method. In making this 
analysis, it has been assumed that there is no heat drop between 
the cylinder and the point where the heat content is measured 
‘n the steam pipe and the exhaust passage. The result indicates 
the truth of this assumption. 
In this discussion, the following nomenclature will be used: 


W = net work done by steam on one side of piston during 
forward and return stroke, Btu 
W,, W,. W., Wa, W, = work done on piston during inter- 
vols as represented on indicator card Fig. 1 by 
subscript, Btu 
= pressure, lb per.sq in., abs 
total heat supplied to cylinder by boiler during ad- 
mission, Btu 
heat exchange between steam and cylinder walls, Btu 
weight of steam supplied to cylinder per stroke, lb 
weight of steam trapped in cylinder at compression, 
Ib 
H = total heat, Btu per lb (Keenan) 
S = specific volume of steam, cu ft (Keenan) 
E = total heat of steam minus its external energy, Btu = 
H — 0.1849 PS 


or 


B = heat lost from cylinder by radiation and conduction, 
Btu 
h, = heat exhausted from cylinder during interval n, ——0, 


Fig. 1, + R,, Btu 
h, = heat exhausted from cylinder during interval 0, —), 
Fig. 1, + R,, Btu 
The heat exchange during admission is 
R, =Q + (M,E,) — + (M + (3 
= 2131.18 + 541.48 — [228.52 + 2434.44] = 9.70 Btu 
The heat exchange during expansion is 
R, = (M + M,)E,, — (W, + (M + M,)E,).....------: \4 
= 2434.44 — [85.31 + 2351.20] = —2.07 Btu 


The heat exhausted and exchanged during the exhaust period 
n, -—o, Fig. 1, is 


/ 
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iv 
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h, = R, = (M + M,)E, — (M.B,) + [5] 
= 2351.20 — 1456.93 — 19.43 = 874.84 Btu 


As this is a noncondensing engine, it is impossible to differen- 
tiate between h, and FR, during the period that the exhaust port is 
open, 

The heat exhausted and exchanged during the exhaust period 
o, ——p, Fig. 1, is 


ha * Ra = (M,E,) + Wy —~ (M,E 
= 1456.93 + 43.65 —- 502.22 = 998.36 Btu 


Here the quantity R, is also indeterminate. 
The weight of steam exhausted in the period n, 


(M + M,)— M, 


or 2.0258 — 1.315 = 0.7108 lb. This is 45.1 per cent of the 
total weight of steam leaving the cylinder. This weight of 
steam carries with it 874.84 Btu or 46.7 per cent of the total heat 
escaping. 

The heat exchange during compression is 


= (M,E,) + W. 
= 502.22 + 42.57 


0, Is 


(M,E,) 
- §41.48 = 3.31 Btu 


If we assume that there is no heat exchange between the steam 
and the cylinder walls during the exhaust period, the heat lost 
by radiation and conduction is 


= 9.70 + 3.31 — 2.07 = 10.94 Btu. 
0.51 per cent of the heat entering the cylinder. 
The total heat balance per forward and return stroke on one 
side of the piston is expressed by the equation 


Q+ (W, + W,) — (h, 


This is about 


+ hy) + W, + 


= 0 Btu... . {10} 


The equivalent net work in the cylinder from the indicator ecard 
lig. 1, is 


W=(W.+W, + W.) — (Wy 
= (228.52 + 85.31 + 19.43) 
Btu 


The net heat drop from steam pipe to exhaust passage as 
measured in test No. 5937, minus heat lost by radiation and con- 
duction is 


= 1.573(1354.85 — 1190.61) — 10.94 = 247.40 Btu 


It is evident from this analysis that the work performed in the 
cylinder as measured from the particular indicator card selected, 
is nearly equivalent to the difference in heat content derived 
from the average temperature and pressure records as measured 
in the steam pipe and exhaust passage near the cylinder, less 
radiation and conduction loss. 

There is a wide fluctuation in temperature and pressure of the 
exhaust steam both in the cylinder and in the exhaust passage. 
This fluctuation reaches a maximum at long cutoff and gradually 
reduces as the cutoff is shortened. For the card shown in Fig. 
1 of this discussion, the temperature of the steam at release is 
460.4 F with a pressure of 85.2 Ib abs and corresponding heat 
content of 1259.6 Btu per lb. At the end of the stroke, the 
temperature has fallen to 308.1 F with pressure of 39.7 Ib abs and 
heat content of 1190.61 Btu per lb. As measured in the exhaust 
passage the pressure is 28.7 lb abs with temperature of 303 F, 
giving a heat content of 1190.61 Btu or the same as found at the 
point o, Fig. 1. 


+ W.) 
- (43.65 +. 42.57) = 247.04 


{12} 


It is evident from Equation {12} that there is a temperature 
‘nd pressure in the exhaust passage near the cylinder which, if 
correctly read, will account for all of the heat entering the cylin- 
der, less that utilized in work and lost in radiation and conduc- 
tion. It is, however, more or less of an accident when this 
exact pressure and temperature are recorded. It is further evi- 
dent that the steam which escapes between n and 0, Fig. 1, has its 
full effect in raising the average heat content in the exhaust pas- 
sage, notwithstanding the speed with which it escapes. If in 


lig. 2 of this discussion t represents the total time that the exhaust 


t =Jota/ Extaust Period 
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port is open, then 0.27¢ equals the time in which the high-tempera- 
ture and high-pressure steam escapes in the interval n, —o, Fig. 1. 

As further evidence of the discrepancy between the actual heat 
content of the steam in the exhaust passage and that determined 
from temperature and pressure records, the writer presents 
Table 2. In this table are shown the records from five locomotive 
tests made at Altoona. All of the tests selected are at approxi- 
mately 50 per cent cutoff as the radiation and conduction loss at 
this cutoff is known from the previous analysis. In column 4, 
is given the thermal equivalent of the average actual work done 

rABLE2 DISCREPANCIES BETWEEN ACTU AL HEAT CONTENT 


OF STEAM IN EXHAUST PASSAGE AND AT DETERMINED 
FROM TEMPERATURE AND PRESSURE RECORDS 


cent of 

Btu 

5, 

@ above or below column 


per 
and in exhaust ; 


e, less radiation 
onduction, 


per stroke 
cent column 


c 


Btu per stroke utilized 
in work, avg from test 
Difference in heat con- 
tent, steam in branch 


passag 
and 


» Test number 
Per 


_ Cutoff, 

stroke 

ew Rev. per min 
pipe 


nsylvania Mikado Class L-1s, Bulletin No. 28 
40 


. . . . @ 

Awawoow 


Pennsylvania Pacific Class K-4s, Bulletin No. 29 
55 : 183.9 


40 
50 
55 
55 


~ 
On 


Pennsylvania Decapod Class I-1s, Bulletin No. 32 


+1 


Pe 
3945 
3941 
3932 
3924 
3971 
4067 55 160 183.3 155.0 —15 
4013 45 200 136.4 117.3 -14 be 
4025 55 240 139.0 111.3 
4049 50 280 119.4 99.5 —16 
4069 45 320 97.2 76.2 —21 
4058 35 360 78.4 54.7 —30 ee 
Pennsylvania Pacific Class K-4s, Special Test 
435-4 240 119.0 110.1 — 7. ee 
436-A 240 135.5 129.1 4. 
437-A 240 145.0 139.7 
441-A 240 147.0 142.0 — 3. ee 
Pennsylvania Decapod Class I[-1s, Bulletin No. 31 op 
5408 50 40 435.8 460.5 
5440 45 80 345.0 361.8 
5417 45 120 272.5 290.0 Te 
5423 45 120 287.9 252.1 1 Bee 
5443 45 140 263.7 257.8 bree 
5442 40 160 206.9 221.8 
5935 50 40 423.8 433 5 Side 
5927 50 80 367.0 393 Scat 
5917 50 120 304.3 311 
5936 50 160 241.9 262 ees: 
5937 47 160 255.8 252 
5938 50 160 246.4 259 
6123 50 160 242.8 246 
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per stroke. In column 5, is shown the heat drop per stroke be- 
tween steam pipe and exhaust passage, less the heat loss in radia- 
tion and conduction. In column 6, is given the percentage dif- 
ference between columns 4 and 5, divided by column 5. 

The author of the paper under discussion, has based his con- 
clusions on the assumption that the heat content of the exhaust 
steam as measured in the exhaust passage near the cylinder, is too 
high. It will be seen from Table 2 that in the older tests of class 
L-1s and K-4s, the values in column 5 are from 8 to 30 per cent 
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Fig. 3 RELATION OF STEAM RATE AND STEAM TEMPERATURE 


less than in column 4. In the later K-4s test, this difference is 
reduced to from 3.4 to 7.4 per cent, but is still negative. For the 
two tests of class I-1s, the conditions are reversed, column 5 in 
most cases exceeding column 4. 

From this exhibit it is clear that the greater part of the dis- 
crepancy between columns 4 and 5, occurs because of the prac- 
tical impossibility of obtaining mean pressure and temperature 
readings in the exhaust passage by the methods now employed. 
This applies with equal force to the records made by the author, 
since they were taken by the same methods used in the Altoona 
tests. 

It is merely a coincidence that the test No. 5937, selected by 
the writer for analysis, should show, as indicated in Table 2, 
the least discrepancy between columns 4 and 5. It must also be 
noted that the analysis is made from a particular indicator card, 
whereas data given in columns 4 and 5 are average values for a 
complete test. 

The steam rate as calculated from the card in Fig. 1 of this dis- 
cussion is 16.2 lb per ihp-hr. This checks closely the average 
water rate of 16.0 lb as given in Bulletin No. 32 for the complete 
test. Had the author’s method been used in this case, in which 
the temperature at the exhaust stand is assumed to be 20 deg less 
than at a point near the cylinders, the indicated horsepower equiva- 
lent would have been 261.72 Btu or 5.9 per cent in excess of that 
actually delivered. The corresponding water rate would have 
been 15.32 Ib or 5.4 per cent too low. 

The author presents Fig. 7 to corroborate the accuracy of his 
method. Reference to Fig. 39, page 92, of Pennsylvania Railroad 
Bulletin No. 24, shows a similar curve, a part of which has been 
transferred to Fig. 3 of this discussion. It will be seen from this, 
that the lower curve in the author’s Fig. 7 is really for 35 per cent 
cutoff. The curve for 45 per cent cutoff lies considerably higher, 
as indicated in Fig. 3 of this discussion. The curve derived from 
the data in the author’s Table 1, lies between the curves for 35 
and 45 per cent cutoff. This indicates that the water rates as de- 
rived from the author’s method are too low. It is of course true 
that such a comparison is not entirely conclusive as the locomo- 
tives are of dissimilar design. 
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On the basis of the evidence submitted, the writer believes, as 
previously stated, that the method proposed by the author of the 
paper under discussion, is not sufficiently accurate for general use. 


L. P. Micnareu.? Mr. Williams’ paper gives a thorough de- 
scription of a comparison of the methods for determining the 
steam rate of locomotives. The writer has first-hand knowledge 
of the methods used since part of the work in this development 
was recently done on the railroad with which he is connected. 
The results were checked on a 4-6-2 passenger locomotive pulling 
a train of from five to seven standard steel passenger cars at high 
speeds. These speeds at times were about 110 mph. 

The power and steam rate as obtained by both the indicator 
and the heat-drop method, as described in the paper, were both 
obtained as accurately as operating conditions would permit and 
agreed closely. Therefore, the writer is satisfied that the heat- 
drop method is a fairly accurate means of obtaining this informa- 
tion with probably less expense than required by the use of the 
indicator. When obtaining this information by means of the 
indicator, it is necessary in order to obtain reliable results to use a 
good type of indicator reducing motion and indicator with proper 
steam connections, and to exercise the very best of care in the 
operation of the indicator. With the indicator, a record of the 
complete cycle of operation in the cylinder is obtained which is 
not possible with the heat-drop method. This complete informa- 
tion is a guide to the proper setting of the locomotive valves for 
most efficient operation. It was not attempted to measure the 
steam flow through the exhaust nozzle as a means to determine 
the horsepower developed by the locomotive during the tests. 
To have done this, it would have required actual calibration tests 
of the exhaust nozzle to determine the rate of flow. 

If only the steam rate, and not a record of the complete cycle 
of operation, is required, indications are that the heat-drop 
method, as described in the paper, provides an accurate and satis- 
factory means of obtaining this information. 


L. K. Borreron.‘ The writer feels that Mr. Williams has 
presented a method for determining the indicated horsepower of 
locomotives by road tests which when compared with the indicator 
is more accurate, is simpler and requires much less work both 
on the road and in working up the data. His methods are of 
particular value when it is considered that by using the indicator 
alone it is impossible to determine the steam rate for each card 
since the instantaneous value of the steam to the engines is un- 
known. It was the writer’s purpose at some later date to deter- 
mine this item by calculating the flow of steam through the ex- 
haust nozzle as reported in my paper® to which Mr. Williams 
refers. Clayton’s analysis* enables one to calculate the steam 
rate from the indicator diagram but this method requires too 
much time and is too complicated for any railroad company to 
use it. 

One cannot appreciate the difficulties in taking high-speed 
indicator cards on locomotive road tests unless he has actually 
done the work. For accurate results, even though the instrument 
and the reducing motion are practically correct, the indicator 
must be carefully handled, but the conditions under which the 
operator takes cards at high speeds is unavoidably bad. He is 
thrown about and jarred for the entire trip, has very little pro- 


3 Chief Mechanical Engineer, Chicago & North Western Railway 
Company, Chicago, Ill. Mem. A.S.M.E. ; 

4 Assistant Mechanical Engineer, The Edna Brass Company, Cin- 
cinnati, Ohio. Mem. A.S.M.E. 

5 “Locomotive Back Pressure,’ by L. K. Botteron, Railway Me- 
chanical Engineer, vol. 104, 1930, pp. 400-403. 

“Steam Consumption of Locomotive Engines From the Indicator 
Diagrams,” by J. Paul Clayton, Engineering Experiment Station 
Bulletin No. 65, January, 1913, University of Illinois, Urbana, IU. 


: 
AD 
= 
| 
: 
ot 
Me » 
Pa 
— 
ae 
3 
: 


DISCUSSION 


tection from the weather, and is subjected to temperature ex- 
tremes. 

The indicator reducing motion is a constant source of trouble 
and even with great care and close inspection breakage is very 
common at high speeds. It is also difficult to make an indicator 
reducing motion at a reasonable cost which does not have lost 
motion or develop it very rapidly as the test progresses. 

In addition to the sources of error in indicator cards mentioned 
by Mr. Williams, a great inaccuracy is introduced in high-speed 
cards due to the long length of pipe necessary between the cylin- 
der and the indicator.?’ Because of clearance limitations, the 
indicators must be located above the valve chamber and one in- 
dicator usually has to serve for both head-end and crank-end 
cards. 

It is regrettable that the state of the steam in the exhaust 
passages has never been determined by Mr. Williams’ method on 
any locomotive test-plant test to date. If this had been done, a 
good check could be made of his method. As he mentions, 
using data obtained on the Pennsylvania Railroad test plant at 
Altoona, Pa., the steam rate calculated by the heat-drop method 
runs higher than the rate determined by the indicated horsepower 
and the steam to the engines. However, or locomotives equipped 
with plain round-hole nozzles, the actual and computed flows 
through the exhaust nozzle using the same data check very well. 
Since the pressure is of much more importance than the tempera- 
ture in computing flows, the writer must also conclude that the 
temperatures are in error. 

Some objection might be made to the standing test for deter- 
mining the coefficient of discharge of the exhaust nozzle on the 
grounds that the flow is not pulsating and that the superheat in 
the exhaust is much higher than when the locomotive is being 
operated since the steam does no work. It might be advisable 
to remove some of the heat from the exhaust by removing both 
pistons and filling the cylinders with pipe coils through which 
water could run at any desired rate. The test could be run with 
the throttle wide open and the valves set to give any desired flow. 
At high speeds the pulsations of the exhaust are of small magni- 
tude and it is believed that a gage reading would give a close 
enough average. Regardless of how the pulsations influence the 
flow, it would be necessary to determine the coefficient with con- 
stant pressure in order to have anything basic upon which to work. 
The problem then resolves itself into determining what average 
pressure is to be used for computing the flow when it is pulsating. 
A card taken by an indicator driven at a constant known speed 
would give a pressure-time diagram from which the average 
pressure could be determined when the locomotive speed is slow 
and the pulsations of the exhaust are of considerable magnitude. 
The higher the back pressure the less erroneous pressure readings 
influence the calculated flow since the rate of change of the flow 
is constant or nearly so for pressures over 11 lb per sq in. gage. 
Thus, high speeds and high back pressures favor accuracy using 
Mr. Williams’ methods. 


H. RuBENKOENIG. The locomotive testing plant affords a 
convenient and ready means for checking the accuracy of the 
method proposed in this paper, at least at speeds not excessively 
high. No doubt, there is considerable inaccuracy connected 
with indicator work at high speeds. Dr. Goss’ in his early work 
with the Purdue University locomotive testing plant demon- 
strated that, at high speeds, indicator cards taken with the re- 
verse lever set for, say 35 per cent cutoff, showed on the indicator 


“The Effect Upon the Diagrams of Long Pipe Connections for 
Steam-Engine Indicators," by W. F. M. Goss, Trans. A.S.M.E., vol. 
17, 1896, pp. 398-412. 

8 Professor of Mechanical Engineering, Purdue University, Lafay- 
ette, Ind. Mem. A.S.M.E. 
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card a cutoff actually shorter than was the case with the lever 
set for 30 per cent or even 25 per cent cutoff but running at low 
speed. This condition might make for considerable inaccuracy 
when attempting to obtain the steam rate from indicator cards 
alone. 

The total amount of steam going to the cylinders may be de- 
termined quite accurately by measurement at the weighing tank, 
but of course, unless an accurate determination of the horsepower 
is made, it is not possible to obtain a correct result for the steam 
rate. The paper proposes to do this by determining the total 
heat utilization of the steam in passing through the cylinders. 

In regard to the characteristics of the steam entering the cylin- 
ders, it is possible to determine accurately the temperature and 
pressure in the valve cylinder just before the steam enters the 
cylinder, and this is the point at which it starts to do work. 
Knowing then the total amount of steam per given unit of time 
and its temperature and pressure, the total thermal input in a 
given time is determined. It remains then to obtain the en- 
thalpy of the steam after it has done its work in the cylinders. 
This seems to be the point at which the accuracy of the method 
described in the paper may be questioned. Is the exhaust stand 
the proper location for the determination of the pressure and 
temperature of the exhaust steam? The work of the steam has 
been completed when its pressure has reached the exhaust condi- 
tion, which may or may not be the same as that at the exhaust 
stand. The paper seems to make the assumption that equality of 
pressure obtains at all locations throughout the whole volume of 
the exhaust passages, from the exhaust stand back to the face of 
the piston. This may be true if a nonflow condition exists, but 
such is not the case. The paper does not seem to prove that the 
exhaust-stand temperature is the correct one to use. 

However, if the method suggested gives close accuracy, it 
gives a simple and convenient way in which the steam rate and 
horsepower output of a locomotive may be obtained. 


H. L. Sousera.’ Mr. Williams has presented a very interest- 
ing discussion of the application of the first law of thermody- 
namics to the determination of the steam rate of a locomotive. 
A rigorous theoretical analysis of the problem would have in- 
cluded the effect of the kinetic energy of the steam at the points 
where its temperature and pressure were measured, as well as the 
difference in elevation of these points. However, it is probable 
that these items are of such small magnitude as to be negligible in 
the actual testing of locomotives. 

As the author has indicated, in his paper the principal 
error which is encountered in determining the steam rate is 
in the measurement of the temperature of the exhaust steam. 
He submits data showing a 20-deg difference in exhaust-steam 
temperatures taken simultaneously at different points in the 
same exhaust passage. According to Fig. 1 of the paper, an error 
of 20 deg in temperature measurement introduces an error of 
6.5 per cent in the computed steam rate. As this difficulty is due 
to pulsating steam flow caused by intermittent discharge of 
steam from the cylinders, there is no assurance that the thermo- 
couple located in the exhaust stand is measuring the true mean 
temperature of the steam although the error should be less than 
when the thermocouple is located as close to the cylinder as pos- 
sible. It is probable that the magnitude of this error decreases 
with increased locomotive speeds and shortened cutoffs. 

The proposed test procedure is so simple in application that it 
would be interesting to conduct a series of locomotive test-plant 
runs under carefully controlled conditions in order to check re- 
sults obtained by this method with those secured by conventional 
test methods. 


9 Associate Professor Mechanical Engineering, Purdue University, 
Lafayette, Ind. Mem. A.S.M.E. 
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An error occurs in Equation [4] of the paper which should read 


Aw 
vel 
29 


It should be emphasized that Equation [4] has been de- 
veloped by assuming steady flow conditions. The equation con- 
tains five terms, each of which is varying as the pressure and 
temperature of the exhaust steam fluctuate during each revolu- 
tion of the drivers. These cyclical changes in the state point 
of the exhaust steam will vary in magnitude with the speed of the 
locomotive and with the cutoff. The actual conditions in the 
locomotive exhaust nozzle are so different from the steady flow 
conditions for which the flow equation has been derived that 
the writer is inclined to doubt the practicability of the scheme of 
using the exhaust nozzle as a steam-flow meter until it has been 
proved by a series of carefully conducted tests under a wide va- 
riety of operating conditions. 


A. Grest-GiesLincEeN.'® The writer believes that the ac- 
curacy of the heat-drop method will compare favorably with 
that of ordinary indicator practice. We can commonly ob- 
serve that indicator diagrams become 6 to 10 per cent longer 
as we increase the running speed from starting up to 250 or 300 
rpm. Since the stretching of the diagram is due to inertia forces 
it becomes a maximum at the ends of the reciprocating motion. 
At these points, the effective steam pressure is smaller than the 
average, and therefore the indicated horsepower obtained is too 
low (and the mechanical efficiency of the locomotive too high) 
by easily 3 to 5 per cent for such amounts of stretching. Pro- 
fessor Nordmann of the German State Railways states" that the 
indicating of a certain freight engine had been done with an error 
of 7 per cent until indicating methods were improved. Such an 
error appears unusually high, but, undoubtedly, indicating equip- 
ment must be selected, installed, and handled with greatest care 
in order to prevent misleading conclusions. Obviously, our 
customary equipment is quite unfit for and above the “diameter 
speed.”’ 

The writer believes that the chief question which still con- 
fronts us with respect to the heat-drop method is: How well does 
the measured exhaust temperature, taken at one point in the 
stream, represent the average heat content in the exhaust steam? 
This can be cleared up by comparative tests with high-grade in- 
dicatorequipment. It is very important that the exhaust readings 
be taken at a point where the stream had good opportunity to be- 
come more uniform than it is near the valve outlet, as the author 
ably pointed out. However, the writer would suggest as a further 
refinement that the kinetic energy in the steam at the point be 
taken into consideration. Fig. 5 of this discussion illustrates the 
influence of the kinetic energy upon the exhaust conditions of 
the steam. 

Fig. 4 of this discussion is a diagrammatic sketch of the exhaust 
arrangement, with the left steam port open. Ordinarily, back 
pressure is measured at B, but we now prefer to take readings at 
M, which is already in the vertical passage of the standpipe. For 
a typical, large engine, the cross-sectional areas are as indicated, 
being much smaller at M than they are at B. 

Fig. 5 shows the exhaust process on the entropy-total heat 
diagram. The rising inclined lines signify pressures, the almost 
horizontal rising lines are temperatures. The piston valve opens 
at A. Before reaching A, the expansion took place with small 


10 Mechanical Engineer, New York, N. Y. Mem. A.S.M.E. 

11 “Ergebnisse neuer Versuche mit Dampflokomotiven,” by H. 
Nordmann, Zeitschrift des Vereines deutscher Ingenieure, vol. 78, no. 
24, June, 1934, p. 734. 


losses, that is, with almost constant entropy. The process is 
shown by a steep line. From A to B we have a very violent 
process, a combination of expansion and throttling, accom- 
panied by large losses. 

Now, in the exhaust passage at B, shown in Fig. 4, the effective 
amount of steam flowing per unit of time may be about three 
quarters of the amount for one cylinder. Assume this engine is 
working hard and that 60,000 Ib of steam per hr is flowing through 
the exhaust nozzle. The back pressure at B may be 15 lb above 
the atmosphere, or 29.7 lb per sq in. abs, and the temperature 
360 F. Incidentally, the relation between the weight of nozzle 
steam per hour and back pressure can be expressed very well by 
the formula 


S, = 400A, V(Ps — P.) 


where S, = weight of nozzle steam, lb per hr; A, = area of the 
nozzle, sq in.; Pg = back pressure, lb per sq in.; and P, = 
atmospheric pressure, lb per sq in. If S, is smaller, or the back 
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Fic. 5 Locomotive Exnaust Process ON THE ENTROPY- 
Heat DIAGRAM 


pressure higher, than the formula would indicate, then the exhaust 
arrangement offers undue resistance and should be investigated. 
Now, the velocity at B will be 208 fps, corresponding to 20.3 hp 
for the whole amount of exhaust steam. However, at point M, 
we have more steam flowing through a smaller area, and the 
velocity rises to 487 fps, corresponding to 112 hp. This is more 
than 2.5 per cent of the indicated performance of the locomotive 
and should not be neglected. The strictly correct method of 
calculation is as follows: Determine the performance which cor- 
responds to the heat drop, and substract from it the increase 
in kinetic energy in the steam between the measuring points, that 
is, from the live-steam pipe to the point in the exhaust passage 
where the reading is taken. The live-steam energy is small, 
only about 2.6 hp for 8-in. pipes, and may be neglected; thus the 


: 
Z 
4so° 
NSO —- 


DISCUSSION 


whole kinetic energy in the exhaust passage may be subtracted 
in order to obtain the true indicated performance. 

Further, with the reference to Fig. 5 of this discussion, we see 
that the expansion from B to M cools the steam by 9 deg in this 
case, and accounts for part of the 20 deg difference found between 
corresponding points by the author. Of course, this drop becomes 
much smaller with reduced boiler performance, and then the 
kinetic energies are often insignificant. 

Mr. Williams’ analysis is commendable for another reason: 
A study of such heat diagrams is very instructive; if we become 
accustomed to them, we become ‘“‘energy minded.”’ For instance, 
all the energy represented by the adiabatic heat drop from B, 
Fig. 5, down to the smokebox pressure ps (hence more than 1200 
hp) is lost for the engine performance, and the part down to the 
dotted horizontal line is used up in the drafting arrangement. 
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This part of the diagram tells us how well our front end is work- 
ing; it usually does not work very well from an energy standpoint, 
but it can almost always be improved. 

The horizontal steps shown in the expansion line mean throt- 
tling losses at points of sudden changes in cross section. These 
can easily be almost eliminated by forming exhaust passages 
according to Fig. 6 of this discussion and by forming their junc- 
tion below the standpipe according to Fig. 7 of this discussion. 
The latter design also gives a symmetrical steam jet. In fact, 
the usual exhaust passages which terminate side by side under 
or in the standpipe, are remnants of the days of separate right 
and left cylinders, and their use is not justified in one-piece sad- 
dles. The arrangement shown in Fig. 7 is patented. 

The heat-drop method described by Mr. Williams is valuable 
for making many locomotive tests easier and less expensive. It 
is imperative that means be studied whereby the excessive cost 
of locomotive testing can be reduced. This is often possible with 
even increased accuracy through the aid of a diagrammatic 
method of recording test data. In such a method, the test 
observer plots the data as points on continuous curves, recording 
7 or 8 items in regular order. In between readings he always has 
a few seconds left for making observations of a general nature, 
for which he may use signs to save time, writing them out into 
words immediately at the end of the run while they are still 


255 


fresh in his memory. This method of recording data keeps one 
well occupied, but it imposes no undue strain, and requires merely 
full concentration and good training; the training must embrace 
a complete knowledge of the scientific and practical features 
of locomotive operation. The result is a continuous, compact 
record which is usually much more instructive than the average 
from several test runs during which spot readings have been 
taken in the ordinary manner. The writer believes that locomo- 
tive testing cannot be confined to constant speed and perform- 
ance because we are always interested in the behavior of loco- 
motives under actual conditions, during acceleration, for instance, 
on short hills. Continuous diagrammatic curves for recording 
data will aid in the study of locomotive performance in difficult 
locations at small expense. Mr. Williams’ analysis lends itself 
excellently to obtaining also a continuous curve of indicated 
performance in such simple manner. 


AUTHOR’s CLOSURE 


Mr. Vincent points out that when the exhaust-steam tempera- 
ture is measured in the exhaust stand, the steam has passed 
through a circuitous passage some 6 or 7 ft from the cylinder. 
This is done deliberately in order to provide for as thorough 
mixing of the steam as possible. While it is true that the ex- 
haust passages are not lagged, there is a certain amount of insula- 
tion provided by the air space between the exhaust passages and 
the outer walls of the cylinder casting, and the steam flow is 
large enough to make the radiation loss per pound very small. 
Using the usual formulas for heat transfer from metal walls to 
air, the heat loss by radiation from the exhaust passages of a 
typical Pacifie-type locomotive has been calculated to be 6000 
Btu per hr with the locomotive standing still, and 17,000 Btu per 
hr with the locomotive running at 100 mph. With a steam flow 
of 40,000 lb per hr these losses amount to 0.15 and 0.43 Btu per 
lb, respectively. Hirn’s analysis is useful for visualizing the 
action of the steam in a reciprocating engine, but cannot be used 
for exact evaluation of the heat exchanged between the steam 
and the cylinder walls. For instance, Mr. Vincent’s Equation 
([3] states that “The heat exchange during admission is equal to 
the heat supplied from the boiler plus the heat due to the steam 
trapped at compression minus the heat corresponding to the 
work done on the piston minus the heat left in the steam at cut- 
off.””. The heat left in the steam at cutoff will depend upon the 
heat exchange during admission, due to the initial cooling of the 
steam, so that there are two unknown quantities in Equation 
[3]. Equation [9] assumes that there is no heat exchange 
between the steam and the cylinder walls during the exhaust 
period, which is not correct. It is thought that a more accurate 
method for determining the heat lost by radiation is to use the 
usual formulas for heat transfer from metal walls to air, making 
due allowances for insulation at various points. In this way the 
total radiation loss for a Pacifie-type locomotive, including the 
losses from the steam pipes, steam chests, cylinders, and exhaust 
passages, has been calculated to be 27,000 Btu per hr with the 
locomotive standing still, as on a testing plant, and 53,000 Btu 
per hr with the locomotive running 100 mph. For a steam flow 
of 40,000 Ib per hr, the losses per pound of steam are 0.67 and 
1.32 Btu, respectively. Using corresponding values for calculat- 
ing column 5 in Mr. Vincent’s Table 2 will change the values 
given, making the negative errors less and the positive errors 
greater. The discrepancy between columns 4 and 5 is due either 
to errors in indicating the engine and measuring the steam to the 
cylinders, or in measuring the temperatures concerned, or to 
both. The author is of the opinion that measurements of the 
exhaust-steam temperature made close to the cylinder, as was the 
case for all of the tests given in Mr. Vincent’s Table 2, cannot 
be as accurate as those made in the exhaust stand. Apart from 


in We 
| 
4 
| ! 
R 
= 
\ 
fat 
Dek 


256 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


the location of the temperature measurements, care must be 
taken in the selection and calibration of the instruments used for 
measuring temperature, as is shown in Fig. 1 of the paper. The 
pressure measurements do not need to be so accurate. Referring 
to Mr. Vincent’s Fig. 3, the curves taken from Pennsylvania 
Railroad Bulletin No. 24 are for 35 per cent and 45 per cent nomi- 
nal cutoff, not actual cutoff. The points given on the curve for 
35 per cent nominal cutoff are for 41 per cent to 44 per cent actual 
cutoff, most of the cutoffs being between 41 per cent and 42 
per cent. It is this curve which is represented by curve No. 1 in 
Fig. 7 of the paper. 

Mr. Vincent’s conclusion that the proposed method is not of 
sufficient accuracy for general use is somewhat contradictory to 
the statement at the beginning of his discussion that the method 
is of value for obtaining a comparison between the efficiencies of 
various pieces of apparatus on a locomotive. 

It is gratifying to note Mr. Michael’s endorsement of the heat- 
drop method, coming as it does from one who has had actual 
experience with the methods of measurement described in the 
paper. 

Mr. Botteron’s remarks on the taking of high-speed indicator 
cards on locomotive road tests are very true. The conditions 
areentirely different from taking indicator cards on a standing test, 
and appreciable errors are unavoidable. Dr. Giesl-Gieslingen 
illustrates this with an example from the German State Railways. 
Using Mr. Botteron’s suggestion of removing some of the heat 
from the exhaust when calibrating an exhaust tip in a blowdown 
test would make it possible to determine the variation of the 
nozzle coefficient with exhaust-steam temperature. It would 
be even better, as Professor Solberg states, to perform the cali- 
bration under actual running conditions, making the necessary 
measurements with the required accuracy. 

Professor Rubenkoenig, Professor Solberg, and Dr. Giesl- 
Gieslingen all mention the desirability of comparing indicator 
measurements with heat-drop measurements. Obviously, all 
measurements made should be of the highest possible accuracy. 
Particular attention should be given to the speed range between 
300 and 420 rpm, since locomotives are now actually running at 
these speeds. It would be desirable to use an indicator with a 
cantilever bar spring and special high-speed reducing motion 
and compare the results with those obtained with an indicator 
using a helical spring and conventional reducing motion. 

Dr. Giesl-Gieslingen and Professor Solberg are correct in their 
statements that for best accuracy the kinetic energy of the steam 
in the exhaust stand should be accounted for. Where the 
exhaust-steam thermocouple is located, near the base of the ex- 
haust stand, the cross-sectional area will be of the order of 70 to 
100 sq in. To take an actual case, one engine tested had 7-in. 
steam pipes, and an area of 90 sq in. at the exhaust-steam 
thermocouple. A steam flow of 45,000 lb per hr gave average 
velocities of 71 fps in the steam pipes and 353 fps in the exhaust 
stand. The kinetic-energy correction is equal to (V2? — V,?)/ 
50,000, where V; and V2 are the entrance and exit velocities for 
the apparatus concerned, in fps. For the foregoing case this 
works out to 2.4 Btu per lb, or approximately 1.5 per cent of the 
heat drop. Neglecting V:, the velocity in the steam pipe, as 
Dr. Giesl-Gieslingen suggests, gives a correction of 2.5 Btu per 
lb, which is sufficiently accurate. This correction and the 
radiation correction should both be subtracted from the observed 
heat drop in order to obtain the work done in the engine. By 
making suitable corrections for the radiation loss and kinetic- 
energy change, the change in the condition of the steam between 
the cylinder and the exhaust stand is allowed for, and the ad- 
vantage is obtained of the possibility of making more accurate 
measurements of the exhaust-steam temperature. The maximum 
correction for radiation and kinetic-energy change will be of the 


order of 2 to 3 per cent, and in many tests can either be omitted 
or included as a flat percentage for the average conditions obtain- 
ing during the series of tests. A convenient approximate method 
of calculation is to divide 2600 by the heat drop (instead of 2545), 
which makes about a 2 per cent correction for radiation loss and 
kinetic-energy change. 

In making tests with the maximum possible accuracy, any 
exhaust pipes from auxiliaries connected into the engine ex- 
haust passages should be temporarily disconnected, as the exhaust. 
from auxiliaries will usually be at a temperature different from 
that of the engine exhaust, and the readings would be affected. 

The purpose for which the heat-drop method of calculating 
the steam rate is most useful is in making comparative road tests 
on a locomotive of devices which affect the cylinder efficiency. 
The ease with which the tests can be performed, compared with 
indicating and measuring the steam to the engines, cannot be too 
strongly emphasized. The entire apparatus can be applied in 
less than a day, and one man can take all observations. The 
caleulations, which involve only the heat contents in the steam 
pipe and exhaust, are simple. Since the paper was written, the 
heat-drop method has been used on one railroad for determining 
the performance of two designs of piston valves with various 
valve settings, on a second of a new design of valve gear, and on a 
third of variations in exhaust-tip areas, in each case to the entire 
satisfaction of the railroad officials concerned. 


The Measurement of Air Flow in 
Fan Inlet and Discharge Ducts' 


Haroip F. Hacen.?- The author of the paper has suggested 
therein a basis for new methods to secure more accurate results in 
the testing of fans. The writer believes the present Test Code for 
Centrifugal Compressors, Exhausters, and Fans to be inadequate 
and therefore bases this discussion on a consideration of the test 
methods given in the paper as applying to a practical test code. 

The author proposes the use of orifices for volume measure- 
ment in the low-volume range of fan performance. This portion 
of the curve is commercially unimportant. There is occasionally 
an academic interest in the general shape of this part of the vol- 
ume-pressure curve, but any reasonably approximate method of 
test will suffice to determine the form of the curve in this region. 

For the other extreme of fan performance, the volumes near 
wide open, the author proposes the pitot-tube traverse. These 
results are slightly more important than the low-volume determina- 
tions. However in a long experience designing commercial 
fans, the writer has seen only one case where the performance 
near wide open had any bearing on placing the business. 

Too much attention has been paid to these unimportant ex- 
tremes of the fan curve which do not even appear in manufactur- 
ers’ published tables, and consequently not enough attention has 
been given to the securing of accurate results in the range of fan 
performance which really counts in practically every case. There- 
fore, in this discussion the writer is confining his remarks to the 
commercial range of the fan-performance curve. This important 
region requires orifices with ratio m, to use the author’s designa- 
tion, of from 40 to 70 per cent. 

In this range the author quite soundly proposes a double meas- 
urement of volumes, that is, by pitot-tube traverse and orifice. 
The writer would not consider any fan test for his own informa- 
tion without agreement in two determinations of volume in this 
range. He fully appreciates the desirability of the simple orifice 


1 Published as paper PTC-57-1, by L. S. Marks in the October, 
1935, issue of the A.S.M.E. Transactions. 

2 Vice-President and Director of Research, B. F. Sturtevant Co., 
Hyde Park, Boston, Mass. 
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from the standpoint of cheapness, but believes that caution is 
indicated before the orifice determination can be made a basis of 
coded procedure. Unfortunately the area-ratio coefficient func- 
tion is a curve which varies from 66 to 82 in the important range 
between 40 to 70 per cent. The exactness of this curve must be 
confirmed by additional investigation and under the far from 
ideal flow conditions that exist at the end of a fan test duct. 
Furthermore, a number of different fan types must be reported 
upon, from the six-bladed paddle wheel to the 64-bladed for- 
wardly curved impeller. 

The writer admits to a predilection in favor of the definite 
physical quantities of the free nozzle procedure with a known 
area and its almost negligible coefficient of better than 0.98, and 
the impact tube with its reliable indication of velocity. The 
orifice technique, with a pressure measurement at a definite loca- 
tion that is neither the true duct static pressure nor the impact 
pressure, and an empirical coefficient which is not the vena-con- 
tracta ratio, gives one no simple physical phenomena to tie to. 
One must depend upon the calibration of a curve with a large 
factor. One can say of a nozzle test that the velocity could not 
have been any greater and that the air could come through that 
opening, or 98 per cent of it, so that the volume would be a 
definite amount, and make the statement with a feeling of cer- 
tainty that any errors must be small. When using an orifice, it 
is difficult to avoid the thought that air distribution or some un- 
known factor may have changed the flow of air, consequently 
giving an incorrect result. This preference for the nozzle and the 
same reasons for the preference are common to many engineers 
as is evidenced by its adoption in part 1 of the Test Code for 
Centrifugal Compressors, Exhausters, and Fans. 

The author’s work has, however, been done with great care and 
merits cooperation from all interested investigators. The writer 
is at the present time making all tests with pitot tube and nozzle, 
and proposes to add orifice plates in accordance with the author’s 
recommendations. He has made one such test and submits his 
results in this discussion. 

In these tests an experimental fan was connected to a standard 
test duct of circular cross section 35'/, in. diameter and 29 ft 3 
in. long. Pitot-tube traverses were made 7!/; diameters from 
the fan, 4 ft downstream from an egg-crate straightener made as 
specified in the right-hand line drawing of Fig. 4 of part 1, ‘Test 
Code for Centrifugal Compressors and Fans,”’ consisting of six- 
egg-crated plates 34 in. long. The orifice used was a 60-per cent, 
square-edged '/j.-in. orifice with a coefficient of 0.751, machined 
in a '/,in. plate tapered on the downstream side only. Two 
pitot tubes were used. One of the tubes was a standard A.S.H. 
& V.E. pitot and the other was the one described in the paper, 
and loaned by the author for making the writer’s tests. In addi- 
tion, a sheet-metal nozzle, of the form recommended by H. F. 
Schmidt, was used with a coefficient of 0.98 without calibrating. 
This nozzle had a throat-duct-area ratio of 42 per cent, the 
largest ratio ever used to the best of the writer’s knowledge. 

Table 1 of this discussion gives the results of the writer’s tests. 
Pitot tube No. 1 is the old type while the No. 2 pitot is the au- 
thor’s new tube. The orifice velocity was calculated directly 
from the reading of a '/,-in. diameter static hole 1 in. upstream 
from the orifice plate. 


TABLE 1 RESULTS OF TESTS BY H. F. HAGEN? 
Test -———Pitot Tube—— 
no. No. 1 No. 2 Orifice Nozzle 
1 25980 24960 
2 26170 25350 
3 26520 25200 
4 25920 25600 
5 25620 25420 
6 25670 25450 
7 25760 25170 
8 25760 24800 
Av 25950 9: 25390 25100 
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As the speed factor has been corrected for, all nozzle volumes 
and all orifice volumes should be identical. Apparently, the 
writer was reasonably successful in sizing the nozzle to the orifice. 
The tests were made as indicated in the table, that is, when the 
orifice was removed, the nozzle was substituted. 

A coefficient of 0.99 for the nozzle instead of 0.98 would have 
given an exact check between average nozzle volume and average 
orifice volume. 

In spite of inconsistencies in checking pitot tube and orifice, 
pitot tube and nozzle, and the variations in each individual 
method, the results are encouraging. Apparently we can have 
improved test methods. 

The tests confirm the author’s confidence in his orifice method. 
The results obtained with the pitot tubes, however, even with the 
straightener, were disappointing. The tests were conducted by 
experienced men who exercised the utmost care, and therefore the 
discrepancies cannot be ignored. The writer has no doubt that 
in many instances consistent agreements will be found as close 
as shown by tests 5 and 6 of Table 1 of this discussion, and that 
in other cases disagreement will occur. He wishes to point out 
that any change in method that could be devised to bring tests 1, 
2, 3, 4, 7, and Sinto agreement would result only in making the 
discrepancy show up in tests 5 and 6. An accumulation of data 
is required, obtained under reasonable commercial conditions, to 
determine the validity and degree of general applicability in any 
proposed test procedure. 


Tuomas CuesTer.* In view of the explanations made by the 
author, the proposed use of two different methods of making tests 
is quite rational. The checking of the two methods by their ac- 
cordance or discrepancy under the equivalent orifice pertaining to 
the maximum fan efficiency should be beneficial. 

The author only mentions casually the use of an effective 
straightener for the purpose of eliminating yaw. The angles of 
incidence of the random and fluctuating air currents to the axis 
of the test duct and to the axis of the pitot tube, vary greatly 
throughout the range of performance of a fan from zero gate to 
full opening. These air currents are unstable also at any particu- 
lar gate opening. It would therefore seem desirable that the 
author should definitely recommend the use of a straightener in 
the test duct, possibly one of the egg-crate type. 

If this recommendation is followed, there will then be less ob- 
jection to the author’s suggestion that the static holes of the 
pitot tube be increased from 0.02 in. diameter to 0.04 in. diame- 
ter, seeing that he points out that the smaller holes give more ac- 
curate results under yaw. 

In order to determine the amount of air flowing through a dis- 
charge orifice, the author proposes that an impact tube be placed 
1 in. beyond the orifice in the direction of air flow. In the writer’s 
opinion it is desirable to follow the principle of geometrical simi- 
larity in all fan work, and on this basis the distance out of the 
impact tube should be a function of the diameter of the orifice. 


R. D. Mapison.* The author presents a simplified method of 
fan testing using orifice plates for furnishing means of throttling 
air capacity and at the same time measuring the flow in the lower 
fan-capacity region. In the higher region, the use of a new pro- 
posed standard pitot tube and conventional traverse form the 
basis of air measurement, both methods being employed in the 
central region for purposes of checking. 

The writer has used the type of pitot suggested by the author 
and believes that it can be used with confidence for the conditions 
outlined in the paper. Where straighteners are employed, the 
Detroit, Mich. Mem. A.S.M.E. 


‘Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Mem. A.S.M.E. 
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pitot tube should prove a very accurate instrument. For those 
interested in the error with various angles of yaw it should be 
pointed out that the pitot reading is considered to be less than 
standard where no algebraic sign is used with the error and 
greater than standard where the minus sign appears. This is 
the same nomenclature used by Merriam and Spaulding, but 
should be clarified by definition. 

The writer believes that the orifice method of test will prove 
a simple and accurate means of measuring air flow from a fan. 
In a recent test, using the set-up outlined by Professor Marks 
(except that one-piece orifice plates '/;-in. thick were used), the 
writer found a very close agreement with Stach’s coefficients. 
The duct used was 365/; in. in diameter and pressure taps were 
placed 2 in. back from the orifice plate, the exact location being 
found not critical except for orifice ratios larger than recom- 
mended. The following data were obtained: 


Ratio of orifice to duct area 
.594 0.479 
.753 0.697 


0.376 0.281 
0.663 0.643 
0.659 0.631 


0.182 
0.608 
0.612 


Test coefficient 
Stach coefficient 


From these values it is seen that all but one check within 
0.66 per cent. This not only seems to verify Stach’s coefficients, 
but also to substantiate the accuracy of the pitot tube and 
method of traverse. This latter is especially interesting in view 
of the fact that the wave front in several cases was not uniform. 


AvuTHOR’s CLOSURE 


In the discussion of limiting values of the Reynolds number for 
discharge orifices, D and V are given as orifice diameter and 
velocity, respectively; this is incorrect, they should both apply 
to the duct. 

Mr. Hagen comments on the commercial unimportance of 


volume measurements for fans operating with orifice ratio below 
40 per cent. His judgment on this point must be accepted. It 
remains true, however, that when measurements are made for 
those low ratios, they can be made more accurately and more 
quickly by the use of an orifice than by a pitot-tube traverse. 

The principal criticism of Mr. Hagen is a fear as to the accuracy 
and the constancy of the discharge coefficients for large-ratio 
orifices. The fact which he states, that this coefficient increases 
from 0.66 to 0.82 as the area ratio increases from 40 to 70 per cent, 
is no valid criticism, if the coefficient is constant for each area 
ratio. The coefficients found by Stach need verification by others 
under the varied conditions of actual fan operation. The in- 
complete and unpublished investigations by the author, the 
results given by Mr. Hagen and Mr. Madison in this discussion, 
and, it is hoped, the results obtained in other laboratories will 
supply the data for such verification. At the present time, the 
evidence is strong that the coefficient of discharge of a square- 
edged discharge orifice is constant for a given area ratio within 
limits which are satisfactory for fan testing. Stach® gives the 
same tolerance (+0.8 per cent) for orifice coefficients as for noz- 
zle coefficients and an examination of his plotted points justifies 
his action. However, this is not conclusive since he presumably 
had better flow conditions than are usual in fan testing. 

The results of Mr. Hagen’s tests as given in Table 1 of this 
discussion demonstrate the desirability of substituting an orifice 
(or nozzle) for the pitot-tube traverse. The discrepancies be- 
tween volume measurements by pitot tube and orifice were 3.23, 
1.25, 0.86, and 2.34 per cent, the pitot tube results being high in 
all cases. When there is a discrepancy, the pitot-tube traverse 
gives almost invariably the higher result. In these tests the fan 


5 “Die Beiwerte von Normdiisen und Normblenden im Einlauf 
und Auslauf,” by E. Stach, Zeitschrift des Vereines deutscher Inge- 
nieure, vol. 58, 1934, pp. 187-189. 
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was a single-inlet eight-bladed paddle-wheel fan. With such a 
fan, a badly pulsating discharge is inevitable and the conse- 
quence, as shown by Hagen, is that the pitot tube reads too high. 
As he points out in the same paper,® nozzle measurements reduce 
the error due to pulsation to a negligible quantity; the same 
argument applies to orifices. In view of the characteristics of 
the fan, the agreement between pitot-tube and orifice measure- 
ments is as good as could be expected. The nozzle measurement 
results support the orifice measurements but the author would not 
give great weight to the results obtained from a fabricated and 
uncalibrated nozzle. Nozzles should be true surfaces of revolu- 
tion and without abrupt changes of contour. The Schmidt 
nozzle is constructed of sheet-steel cones welded together and not 
machined. When of large size, as in these tests, such a fabricated 
nozzle may be accurate but its accuracy cannot be safely assumed. 

Mr. Chester is quite right in assuming that a straightener must 
be used to insure axial flow. This matter was covered fully by 
the author in a previous paper.’ 

The author is greatly interested in the very good agreement 
which Mr. Madison finds between discharge coefficients calculated 
from a pitot-tube traverse and those given by Stach. Here 
again the pitot-tube values are slightly higher than the Stach 
values except for the lowest velocity of flow. At this lowest ve. 
locity, the velocity head (as privately communicated to the author) 
is less than 0.012 in. An inaccuracy of 0.00] in. would result in 
an error of 4 per cent in the volume measurements. 


The Viscosity of Water and 
Superheated Steam’ 


A. A. Porrer.? After the conclusion of the tests reported in 
the paper, it was decided to carry on check tests on superheated 
steam with a fall-body of different shape and made of a light 
material in order that the time of fall might be increased ma- 
terially. In order to accomplish this, a fall-body of pure ex- 
truded magnesium metal was constructed, with a permalloy insert 
for the providing of the necessary change in inductance as the 
fall-body passed through the timing coil, and a third stage of 
amplification was added to the amplifier circuit in order to utilize 
the weaker impulses which were developed by the smaller mass 
of iron in the new design of fall-bodies. The general shape of the 
new fall-body is shown in Fig. 1 of this discussion as fall-body 
No. 48. The other fall-bodies in this figure are those shown in 
Fig. 3 of the paper. It should be noted that this fall-body is not 
streamlined on the upstream end, as is the case with the stee! 
fall-bodies previously used with the steam. 

After calibration with air, tests were conducted with fall- 
body No. 48 on superheated steam at atmospheric pressure. 
When the pressure was increased to 500 lb per sq in. and the 
temperature to 520 F, the fall-body failed to pass through the 
coils. Examination of the viscometer showed that a heavy 
coating of magnesium oxide had formed on the fall-body and 
tube, and therefore the magnesium-permalloy body was discarded. 

A new fall-body of aluminum with a permalloy insert was then 
built, the design being the same as that for fall-body No. 48. 
Check tests were conducted at pressures up to 1500 lb per sq in. 
abs. However, in a test where the pressure was increased to 


6 **Pulsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,” by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 
FSP-55-7, p. 105. 

7 “Air Flow in Fan Discharge Ducts,”’ by L. S. Marks, Trans. 
A.S.M.E., vol. 56, 1934, paper PTC-56-2, p. 871. 

1 Published as paper FSP-57-11, by G. A. Hawkins, H. L. Solberg. 
and A. A. Potter, in the October, 1935, issue of the A.S.M.E. Trans- 
actions. 

2 Dean of Engineering, Purdue University, Lafayette, Ind. Mem. 
A.S.M.E. 
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2000 lb per sq in., one of the stuffing boxes for the wires to the 
timing coils blew out and upon inspection of the internal surface 
of the viscometer and of the fall-body, some evidence of slight 
oxidation was detected. 

The results of these new tests are shown in Fig. 2 of this dis- 
cussion. This figure differs from Fig. 9 of the paper in that the 
test points with the magnesium and aluminum fall-bodies have 
been added. With the exception of two or three points, the re- 
sults are within 2 per cent of the figures obtained with the steel 
bodies. However, the results obtained were more erratic than 
those secured by use of the steel fall-bodies in spite of the longer 
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time of fall. Thus the authors are satisfied that no appreciable 
error can be traced to the steel fall-body and that the results 
recorded in Fig. 9 of the paper are satisfactory. 


B. O. Bucktanp.* The design of the apparatus used by the 
authors shows excellent judgment and the method of measuring 
the time of fall of the bodies is particularly ingenious. Further- 
more, there is a great need of the new information which the au- 
thors have produced in extending our knowledge of the viscosity 


> Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.E. 
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of our most important energy-carrying fluid. The more we learn 
about the flow of steam in turbine nozzles the more we realize the 
importance of the viscosity effects. 

In studying the data presented by the authors two trifling ques- 
tions arise regarding the way in which the curves are drawn 
through the points, and one regarding the comparison with 
Schiller’s tests. The saturation curve in Fig. 9 seems to be 
drawn too far to the left by about 8 F, that is, the temperatures 
at which the constant-pressure-viscosity curves intersect the 
saturation curve are lower than the saturation temperatures 
corresponding to these pressures as given in modern steam tables. 

If the viscosity is calculated at the critical pressure by the for- 
mula representing the authors’ data on saturated water, the value 
will come out slightly lower than that shown on Fig. 9 for the 
viscosity of saturated steam at the critical pressure. If the criti- 
cal-pressure curve in Fig. 9 is drawn through this lower value of 
viscosity at saturation, it will look like the rest of the curves and 
it will represent the data satisfactorily as well as be consistent 
with the saturating-water data. 

In the comparison with Schiller’s data,‘ wherein an atmospheric 
pressure of 14.22 lb per sq in. is used, the ten atmospheres shown 
by Schiller probably should be labeled 142 lb per sq in. abs instead 
of 147 Ib per sq in. abs. 


W. S. SHoucayew.’ The authors are to be complimented 
upon having presented the first complete work on the viscosity 
of water and steam under high pressures and temperatures. It 
should be noted that since 1931 some references may be found in 
German literature to a series of works on viscosity which had 
been started by some well-known investigators. Thus, in 1931 
the works of Max Jacob and then E. Schmidt (Danzig) were 
mentioned but no experimental results so far have been published. 
This shows that there are great experimental difficulties in in- 
vestigations of this nature and once more emphasizes the im- 
portance of the success achieved by American investigators. 

In the writer’s opinion, the experimental results on the viscos- 
ity of water and the ascertainment of the relation between vis- 
cosity of water and pressure are especially interesting. Neither 
the method nor the experimental results can be criticized. It may 
be noted, that the relation between temperature and viscosity is 
consistent with the writer’s experimental results* for tempera- 
tures up to 420 F. 

The results obtained by the authors on the viscosity of super- 
heated steam are likely to be looked upon as a first approximation 
only, with the consequent result that a more accurate determi- 
nation of the data may seem desirable. 

A thorough examination of this paper, however, will give rise 
to some criticisms because the reliability of some of the data, as 
far as superheated steam is concerned, seems to be doubtful. The 
following observations are offered in a spirit of cooperation in 
the common field of research. 

The fall-bodies Nos. 28 and 35 had precisely the same diame- 
ters. They were probably made of the same material. Con- 
sequently under these conditions (and from Equation [1]) the 
absolute values of C for both fall-bodies and at least the percent- 
age change in temperature of C must be the same for both fall- 
bodies. Contrary to this, according to Table 1, the constant C 
between 212 and 1000 F changes for the fall-body No. 28 by 15 
per cent and for the fall-body No. 35 by 82 per cent, while the 
fall-bodies Nos. 28 and 30, the difference of diameters of which 
is 0.007 in., have nearly the same temperature C values. In 


‘ ‘Bestimmung der Zahigkeit von Wasserdampf,”’ by W. Schiller, 
Forschung auf dem Gebiete des Ingenieurwesens, vol. 5, March-April, 
1934, p. 71. 

5 Laboratory of Technical Physics of the Thermotechnical In- 
stitute, Leninskaya 14, Moscow 68, U.S.S.R. 

V. Schougayew, Jzwestiya, V.T.I., no. 7, 1934. 
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general, it is evident that the agreement depends not upon the 
diameter, as it should be according to Lawaczeck’s theoretical 
method,’ but upon the fluid in which the calibration was carried 
out. It should be noted that while the values for fall-bodies Nos. 
28, 30, and 31, each of which have different diameters but cali- 
brated for water, give a good agreement. The values of C for 
fall-bodies Nos. 28 and 35 on the contrary, as was previously 
noted, differ to a great extent, one being calibrated for water 
and the other for air or steam. The considerable change of the 
constant C with temperature is also doubtful. At first, it would 
seem that the aim of the investigators was to have fall-bodies pos- 
sessing a resistance to corrosion and oxidation similar to that of the 
tube surface and therefore the fall-bodies were to be made of the 
same alloy steel as the tubes. But this assumption would lead 
to results which would turn out to be absurd. Practically, if 
the fall-body No. 35 was made from a piece of Carpenter Steel 
Company No. 8 alloy according to the formula 


58d 
8(3(d + 26)? + (28)?] 


and assuming the temperature expansion coefficient for this steel = 
18.10~* it can be computed that the change of C between 212 F 
and 1000 F should not be more than 2 per cent. However, this 
change is 82 per cent according to Table 1 of the paper. 

The writer has computed the change of the fall time for fall- 
body No. 35 during tests with steam at a pressure of 1 atmosphere. 
The fall time in the range between 212 F and 1000 F measured 
directly by the authors of the paper appears to have changed 
by not more than 21 per cent while the value of C for the same 
fall-body changed by 82 per cent under the same conditions. 

Such a relation between the directly measured value and the 
empirical constant would seem objectionable in general. It 
would be much better if the change of the constant C was based 
on and explained by some theoretical calculation. It is regrettable 
that this is not the case and it is doubtful, therefore, to what 
extent the method, used for the given fall-body weights and 
sizes, is suitable for measurements in a fluid of such a low viscosity 
as steam. It is also doubtful to what extent all further data for 
steam are obtained from measurements or from calibrations 
based neither on theory nor experiment. Therefore, it would seem 
that such data are more or less arbitrary. 

In conclusion we may add that an investigation of a nature 
similar to that conducted by the authors was carried out by the 
Laboratory of Technical Physics of the Thermotechnical Insti- 
tute, Moscow, U.S.S.R. (Shougayew and Sorokin). By the time 
the paper under discussion was obtained our work had been 
completed and therefore our results may be compared with those 
obtained by the authors. The comparison shows that the results 
obtained by the authors are considerably higher than those ob- 
tained by our laboratory over the whole range from 212 F to 
706 F. The discrepancy of our data and the data of the authors 
may be seen from the curves in Fig. 1 of this discussion where 
the viscosity of saturated steam is plotted on a temperature basis. 
The comparison is limited to saturated steam because the vis- 
cosity on the saturation line determines the initial isobar points 
for superheated steam. 

Our measurements have been carried out by an absolute 
transpiration method. The experimental procedure was as fol- 
lows: The measurements were made by an apparatus developed 
in our laboratory, which was similar to the ring balance (Ring- 
waage). The steam flowed through a platinum capillary tube in- 
serted into the apparatus. The pressure loss was produced by 


7*Ueber Zihigkeit und Zihigkeitsmessung,” by F. Lawaczeck, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 63, no. 29, 1919, 
pp. 677-684. 
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pouring tin into the apparatus. The values for the viscosity of 
nitrogen obtained by means of our apparatus, using the absolute 
method up to 900 F, are consistent with those of other investiga- 
tors, and with theoretical values obtained from Sutherland’s 
formula. 

The comparison of our data on the viscosity of steam with 
those of the authors led us to carrying out a thorough investiga- 
tion of the possible sources of mistakes which might be attri- 
buted to our experimental method but all possible small correc- 
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Fig. 1 ComPpaRISON OF SHOUGAYEW’S AND SorROKIN'’s Data WitTH 
THosE PRESENTED BY HAWKINS, SOLBERG, AND 


tions could not explain the disagreement in the results of the 
two works. We are accordingly greatly interested in the authors’ 
closure and their opinion concerning our statements. 


Hoser O. Crorr.* This work is a most valuable addition to 
the work of Speyerer® and Schiller‘ as the practicing engineer 
now has values of the viscosity of steam and water which can 
be used with confidence throughout the entire range of practical 
work. The writer can remember when viscosities of steam were 
extrapolated from known values at atmospheric pressure by 
using Sutherland’s equation; the error involved by using this 
approximation is clearly indicated in Fig. 9 of the paper. The 
use of Sutherland’s equation was justified by the kinetic theory 
indicating that viscosity of a gas was independent of density or 
the pressure. 

The ideal physical quantity, viscosity, is very easily defined 
on paper but when one attempts to measure it, or apply scientific 
experimental results from a small apparatus to large-scale equip- 
ment, the writer wonders how close we approximate the truth. 
The writer has the unorthodox idea that, contrary to general 
belief, both the velocity of fluid flow and the scale size of the appa- 
ratus are an intimate part of viscosity effects in much the same way 


8 Head of Department of Mechanical Engineering, University of 
Iowa, Iowa City, lowa. Mem. A.8.M.E. 

*“Die Bestimmung der Ziihigkeit des Wasserdampfes,” by H. 
Speyerer, Forschung auf dem Gebiete des Ingenieurwesens, part 273, 
V.D.I1., Berlin, 1925, 
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that the tensile strength of some materials is a function both of 
rate of loading and the scale size of the specimen. There is no 
doubt, however, that we are as close in the engineering applications 
of viscosities as we are in applying other scientifically measured 
physical properties to engineering structures and problems. It 
would be extremely interesting and valuable, if the authors could 
repeat the experiments with fall-tubes and bodies of different 
diameters. 

The term “saturated water’ is used at several points in the 
paper. While this term occasionally appears in the literature it 
would seem to be a misnomer; perhaps the term “water at the 
boiling point”? would better describe the condition. 

Could the decreasing slope tendency of the isobaric curves as 
they approach the saturated-sieam line in the authors’ Fig. 9 be 
due to condensation of the superheated steam on the walls of the 
fall-tube and hence indicate a greater viscosity for the super- 
heated steam? 

The concave downward tendency of the isotherms in Fig. 10 
of the paper is extremely interesting as this would indicate that 
as the steam became nearer to the perfect-gas condition, the 
viscosity becomes more dependent upon the pressure. This, of 
course, is contrary to the kinetic theory as the viscosity of per- 
fect gases is independent of pressure and dependent only upon the 
absolute temperature. One would expect the isobaric lines to 
join into a single line and the isotherms to gradually change slope 
and eventually extend perpendicular to the pressure coordinate. 

It is somewhat disappointing to find the various values of the 
viscosity expressed in centipoises of the egs system since the 
engineers of this country deal primarily with fps units. Con- 
version from one system to the other is simple of course. In the 
writer’s opinion, some books and technical publications are care- 
less in including quantities expressed in both egs and fps units in 
the same equation. It would seem much less confusing to have an 
equation include one system of units only. 

There is much confusion in the literature concerning the true 
dimensions of viscosity and density because of the indiscriminate 
use of the word “pound” for a mass and also for a force. The 
writer would suggest that the dimensional symbol for the pound 
mass be M with the abbreviation glb; and that the dimensional 
symbol for the pound weight, or force be W, with the abbrevia- 
tion, Ib. The dimensions of viscosity would then be: WT7/L?, 
lb see per sq ft in force units; and M/LT, glb per ft sec in mass 
units. The dimensions of density (introduced in kinematic 
viscosity) would then be: W7?/L*4, lb sec? per ft‘ in force units 
and M/L‘, glb per cu ft, in mass units. The dimensions of 
specific weight would be W/L’, lb per cu ft. 


R. C. H. Hecx.’® In general method and in detail of apparatus 
the scheme of experimentation seems to meet all requirements, 
leaving no opening for criticism. The accuracy of measurements 
is well within the limits of what can be expected and applied in 
the field. 

A minor question of interpretation arises. In the main plot 
and formulation of results shown in the authors’ Fig. 9, the 
writer believes that the two low-pressure curves should fix the 
slope of the whole family, toward the right or away from satura- 
tion. The data can be represented just as satisfactorily by curves 
which run into parallelism, instead of having those for higher 
pressure rise a little more rapidly. 

It is a satisfaction to receive confirmation of the general view 
that the viscosity of a liquid is not appreciably affected by pres- 
sure, within engineering limits, and to know definitely that 
it does vary with pressure and density for a gaseous fluid. Un- 


0 Professor of Mechanical Engineering, Rutgers University, New 
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certainty, but strong probability of increase, is now replaced 
by definite knowledge. 


AvutTuors’ CLOSURE 


The authors appreciate the suggestions made by B. O. Buck- 
land. As Mr. Buckland points out the saturation curve shown 
in Fig. 9 of the paper was plotted unfortunately too far to the left. 
This error is approximately 6 F. Since this curve was used 
only to indicate the boundary condition it has no effect on the 
results of the original data. If Schiller referred to an atmosphere 
as 14.22 lb per sq in., then the 10 atmosphere line should be 
labeled 142 lb per sq in. instead of 147 lb per sq in., as suggested 
by Mr. Buckland. In plotting the results, the value for atmos- 
pheric pressure was taken as 14.7 lb per sq in. as is given in “Hand- 
book of Chemistry and Physics.” 

The accuracy of the equation given in Fig. 8 of the paper for 
the viscosity of saturated water is only 2 per cent at the extreme 
ends and should not be used in place of the original data. 

It is indeed gratifying to receive information relative to data 
obtained by W. S. Shougayew on the viscosity of water which 
verifies those presented in this paper. 

Before undertaking this investigation, a thorough search of the 
literature was made which included the works of Max Jacob and 
E. Schmidt. The complete bibliography contained about 800 
references and was omitted in the publication of the paper to 
save space. 

Mr. Shougayew has questioned the numerical value of the 
constants of the various fall-bodies as given in Table 1 and calls 
attention to apparent inconsistencies in these values. He is 
incorrect in assuming that the fall bodies and tube were made of 
the same material. In fact, Carpenter Steel Company No. 8 
alloy is nonmagnetic and could not be used as a fall-body with 
the method of timing employed by the authors. 

Fall-bodies Nos. 28 and 30 were made from one piece of steel 
which had a coefficient of expansion of 87 per cent of that of the 
tube. Fall-body No. 31 was made of a different steel, having a 
coefficient of expansion equal to 94 per cent of that of the tube. 
Fall-bodies Nos. 33 and 35 were made of other steels having coef- 
ficients of expansion which were 70 and 60 per cent of that of the 
tube, respectively. In each case, the material of the fall-body 
was analyzed and the coefficient of expansion was determined 
from the analysis and the data of the U. S. Bureau of Standards 
on the coefficient of expansion of metals. When this variation 
in the coefficient of expansion of various materials is considered, 
it will be found that the constants given in Table 1 are consistent. 
Moreover, as indicated in this discussion by one of the authors’? 
check tests using an aluminum fall-body confirm the results 
plotted in Fig. 9. 

In regard to a comparison of the curves for the viscosity of 
saturated steam as plotted in Fig. 3 of this discussion by Mr. 
Shougayew for his data and that of the authors, it should be 
observed that if his curve were plotted in Fig. 9 of the paper, 
about one half of Speyerer’s data and three quarters of Schiller’s 
data will fall to the left of Shougayew’s curve. Apparently there 
must be some error in the Shougayew values since they are not 
in accord with any of the investigators within the range recorded. 

Professor Croft’s idea that size is a factor in viscosity measure- 
ment is, as he states, unorthodox. As to the use of tubes and 
fall-bodies of several sizes in the authors’ apparatus, the con- 
stants for each set of tubes and fall-bodies would have to be deter- 
mined with respect to the known viscosities of water, air or other 
fluids and any scale effect due to size, if such exists, should be 
eliminated in the determination of the constants. 

Professor Croft’s statement that ‘Saturated water’ would 
seem to be a misnomer is open to question. Saturated water is 
water at the boiling point and the term is used extensively in the 
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literature and in the Keenan steam tables in the sense in which the 
authors have used it. 

Attention has been called to the confusion in the units of vis- 
cosity and density which are found in the English system of 
units. Professor Croft makes an interesting suggestion for dis- 
tinguishing between the pound mass and the pound force in 
symbol form. The authors have used the egs system of viscosity 


(centipoise) units because it avoids the confusion which exists in 
the English system. 

An error exists in Equation [1] of the paper. This equa- 
tion should read 


sca + + (28)? 
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EXPERIMENTAL PROPELLER LABORATORY OF THE LYCOMING DIVISION OF THE AVIATION MANUFACTURING CORPORATION 


Testing of Controllable-Pitch Propellers 


By G. T. LAMPTON,! WILLIAMSPORT, PA. 


So much has been written about the effect of controlla- 
ble propellers on airplane performance that aeronautical 
engineers now are probably more interested than ever be- 
fore in the general engineering background of this device 
which permits them to use wing loadings upward of 20 Ib 
per sq ft. The problem involved in changing the pitch 
angle of blades subjected to centrifugal loads of the order 


N FIG. 1 is shown a general view of the experimental propeller 

laboratory of the Lycoming Division of the Aviation Manu- 

facturing Corporation. The merit of the equipment lies 
chiefly in the fact that the operating conditions of any power- 
plant combination may be quickly and cheaply duplicated on 
the dynamometer shown on the left in Fig. 2. This dyna- 
mometer is rated at 70 hp and will receive any of the standard 
crankshaft ends and rotate « propeller assembly with dummy 
blades at material overspeeds. The motor-generator set and its 
controls may be seen in Fig. 1 behind the propeller surface plate. 
Of course, the use of electrical power is open to the objection that 


! Project Engineer, Lycoming Division, Aviation Manufacturing 
Corporation. Mr. Lampton received the degree of B.S. from the 
University of California in 1923. He was commissioned in the Air 
Corps and was graduated from the Advanced Flying School in 1924. 
In 1926 he was graduated from the Air Corps Engineering School 
and assigned to duty with the propeller unit. In 1929 he resigned 
from the Army to become associated with Air Propellers, Inc., de- 
veloping a seamless hollow-steel blade process. 

Contributed by the Aeronautic Division and presented at the 
National Technical Aeronautic Meeting of THe AMERICAN Society 
= MEcHANICAL ENGINEERS held in St. Louis, Mo., October 10 to 12, 

935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1936, for publication at a later date. Discus- 
Sion received after this date will be returned. 

Nore: Statements and opinions advanced by authors are to be 
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of 50 tons with safety and reasonable weight limits is ob- 
viously one which requires a competent design and testing 
staff equipped with elaborate facilities. The purpose of 
this paper is to describe some unique test methods and 
equipment which have been used successfully both in the 
development and in the testing of the Lycoming-Smith 
propeller. 


engine conditions are not precisely duplicated due to the absence 
of vibrations, but in a great many respects actual flight régimes 
can be more closely approximated than is possible with engine 
ground tests at low blade angles and high aerodynamic torsion. 

Fig. 2 is a view of the dynamometer showing an experimental 
assembly installed. The dummy blades are of solid steel and 
develop the same centrifugal force as the blades they simulate. 
Due to the dihedral angle incorporated in the Lycoming-Smith 
propeller, they also impress a centrifugal moment on the blade 
bearings which approximates the mean engine torque. The 
counterweights extending at right angles to the dummy blades de- 
velop a pitch-reducing moment equal to the centrifugal torsion 
of the blades which may be computed from the equation 


tip 
M. = 2.84 x 10 6 wf (I major = I mince) sin B cos 8 dR 
el 


Where M., is the centrifugal torsion, J is the major and minor 
moment of inertia of a given section, N is the speed in rpm, 6 
is the density of the blade material, 8 is the angle between the 
major axis of a section and the plane of rotation, cl refers to the 
center line of the shaft, and # is the radius of the propeller. 

Fig. 3 shows the centrifugal torsion of a family of hollow steel 
blades at indicated engine speeds. It should be noted that 
modern aircraft operate near maximum torsion. 

At a given angle and speed the test counterweights may be 
proportioned from 
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Fig. 2 


EXPERIMENTAL ASSEMBLY INSTALLED ON THE DYNAMOMETER 


(The dummy blades are of solid steel and develop the same centrifugal force as the blades they simulate.) 


M, = 0.947 XK 10 wN? (1,5 — Lb) sin 8 cos 8 

Where w is the weight per inch of counterweight length, J, is the 
length of counterweight measured from the blade center line, 
i, is the radius of the dummy blade. Of course, it is necessary to 
allow for the fact that the blades have zero torsion at a blade 
angle of approximately —8 deg, whereas the counterweight is 
zero in the plane of rotation or over the crankshaft. Although 
the Lycoming-Smith propeller does not require any precise 
balance between centrifugal and aerodynamic torsion, the latter 
may be calculated by taking along the blade the integral of the 
product of the unit air loading and the eccentricity of the center of 
pressure. The flexibility of this test procedure is obvious, and 
various overload tests have resulted in a number of detail im- 
provements. With these methods, it is possible, almost overnight, 
to subject a given propeller to control tests equivalent to its nor- 
mal expected life. It is also useful in the preliminary investige- 
tion of remote engaging devices, and in taking indicator cards of 
the control forces required. 

The Lycoming-Smith propeller is of the mechanical type, the 
blades being rotated by means of a worm shaft which is in turn 
rotated by a primary worm gear actuated by selective engagement 
with a right-hand or left-hand stationary worm. It is considered 
highly desirable for the worm at the propeller blade to be ir- 
reversible in order to insure the blades from jumping to a nega- 
tive angle in the event of failure of the actuating mechanism. 
This necessarily results in poor gear efficiency, but nevertheless, 
the gear train should not be penalized by unnecessarily low worm 
lead angles, i.e., the efficiency must be as high as is consistent with 
the irreversibility. In the foreground Fig. 2 may be seen a setup for 
the determination of gear-train efficiency, the net blade torsion 
being applied at the counterweights while the required control 
torque is measured directly on the stop tube extended through the 
hub. Fig. 4shows some typical efficiency curves for the blade and 
intermediate gearing obtained in the study of lubricants. Various 
gear materials were also tested in this manner, but none of them 
showed any marked superiority over the standard alloy steels. 
The, nitralloys, however, were interesting in that their starting 
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and running frictions were equal, whereas the starting friction 
with other combinations was about 25 per cent greater. 

Fig. 5 is a typical curve of bearing friction obtained by apply- 
ing the centrifugal load to dummy blades with a tensile-testing 
machine and rotating the hub about the blades to determine 
the friction torque. The deflection of the main blade bearing 
stack was, of course, readily obtained by clamping an indicator 
to the “blades” and reading the amount they pulled out of the 
hub. The setup is illustrated in Fig. 6. A similar method 
was used to check the ultimate strength of the hub, which was 
340,000 lb. At this load, the barrel assumed a bellmouth shape 
and allowed the nut threads to fail. Stock was subsequently 
added to increase further the margin of safety under diving 
conditions. 

A test which is more elementary but which is none the less of 
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considerable interest to engine designers because of its influence on 
crankshaft resonance and gyroscopic stresses, is the determination 
of the polar moment of inertia. This is done by suspending the 
propeller in a horizontal position by attaching the blades to 
equally spaced vertical wires by giving the propeller a small 
angular displacement, and by recording the time for approxi- 
mately 25 cycles. It can be shown that the radius of gyration 


S - 
R = 2 L 
V 


where S is the wire spacing from the center line, f is the oscilla- 
tion frequency in cycles per second, and L is the length of the 
wires. Some results are shown in Table 1. 

While the tests previously referred to are necessary for con- 
stant improvement in the design of a controllable propeller, 
a comprehensive knowledge of the vibration characteristics of all 
models is of greater importance to their safe operation. Ob- 
viously, the malfunctioning of the control mechanism, which in a 
propeller of the Lycoming-Smith design would merely leave the 
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Fie. 5 Errecr or DirreRENT LUBRICANTS ON BEARING FRICTION 
AND DEFLECTION oF A Lycominc-SmitH E3 Hus 


TABLE 1 POLAR MOMENTS OF INERTIA OF VARIOUS LYCOM- 
ING-SMITH PROPELLERS 
Polar moment 


Propeller Diameter, Radius of Weight, of inertia, 
no. ft gyration, in. lb lb-ft sec? 
P220 8.25 14.88 109 5.20 
P431 9.50 16.28 229 13.04 
P43 9.25 15.02 228 11.08 
P321 8.50 14.59 135 6.17 
F221 8.25 13.47 125 4.87 
P421 8.50 14.11 163 7.00 
P5315 (600) 11.50 20.40 356 32.00 
5B1-6 8.50 14.95 60.7 2.92 


pilot with a fixed-pitch propeller, is not nearly as serious as & 
blade failure which might result from an improper propeller 
application. Vibration tests, conducted in accordance with the 
U.S. Army Air Corps technique, therefore form the largest part 
of the test work conducted by the company with which the 
author is associated. In fact, these tests are considered so 
important that it is our policy to vibrate all commercial propel- 
lers shipped until the uniformity of different units of the same 
design is unquestionably established. The uncertainty which 
has existed heretofore regarding the proper coefficients to apply 
to the nonrotating resonance data as a centrifugal correction is 


Fig. 6 UntiversaL TestinG-MACHINE SETUP FOR DETERMINING BEARING FRICTION AND DEFLECTION OF PROPELLER Huss 
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rapidly being eliminated and proposed installations may be ex- 
amined for dangerous conditions with a reasonable degree of 
assurance, 

In addition to blade torsion, propellers vibrate both sym- 
metrically and asymmetrically and may pass through as many 
as six different modes before attaining full operating speed. 
These periods are of both types with increasing number of nodes 
along the blade. The conditions which obtain in passing through 
the lower modes during certain conditions, such as take-off, are 
worthy of consideration. The conventional radial engine ac- 
celerates about 700 rpm per sec when the throttle is rapidly 
opened, so it would pass through a resonant band 70 cycles wide 
in 0.1 see, which would subject the propeller to approximately 12 
explosions of the engine. Since just a few of these would be at 
exact resonant frequency, it follows that the amplitudes and 
stresses do not build up to maximum values. During the period 
in which the engine is being warmed up, the first and second 
modes are encountered at small throttle openings and low excita- 
tion. Therefore, the designer’s greatest concern is with those 
modes in which the frequencies are in or near the operating 
range, unless the slower types are excited aerodynamically or 
combined with other resonant phenomena. 

The propeller is continuously vibrating in all its possible 
modes. However, the amplitudes are negligible in modes in 
which the frequencies are several times or a small fraction of the 
frequency of the impressed excitation. A brief consideration of 
the several sources of excitation is all that is necessary to appre- 
ciate the constant vibration to which the blades are subjected. 

First, of course, are the engine explosions. The resultant 
variation in angular velocity causes symmetrical bending in the 
plane of rotation and therefore symmetrical bending across the 
axes of the minor moment of inertia due to the angularity of the 
blade sections. If the centers of gravity are out of track or the 
face alignment is imperfect, angular deflections may result which 
would cause asymmetrical variation in air loading. 

The variation in angular velocity sets up a corresponding 
variation in centrifugal torsion and thereby excites blade tor- 
sional vibration. This is particularly serious in the case of 
engines with 12 and 14 cylinders where the explosion frequency 
is from 12,000 to 15,000 per min, because the torsional frequen- 
cies lie in this range. This excitement is aggravated by the un- 
stable center-of-pressure travel of the airfoil sections in common 
use. The resulting vibration is extremely violent, as has been 
shown by a fatigue failure of a blade worm shaft on a direct- 
drive twin-row radial engine during a flight of one half an hour. 
The 1000 Ib-in. of blade bearing friction was insufficient damp- 
ing to protect the control mechanism. 

Of the low-frequency vibrations, the period of the engine mount- 
ing is one which has not received sufficient attention. In general, 
their frequencies must be well below cruising speed or the vibra- 
tions resulting from engine and propeller unbalance will be 
uncomfortable. The author has measured recently some power- 
plant characteristics by welding an air-motor bracket to the 
propeller nut and rotating the unbalanced weight parallel with 
the plane of rotation, and it was found that the frequencies were 
of the order of 1000 to 1400 per min. With the natural period 
at the upper end of this range, appreciable amplitudes will be 
present at cruising speed. As long as the deflection is equal 
around the center line of the shaft, the shaft merely rotates ec- 
centrically with a negligible effect on the propeller. However, 
with different frequencies in the horizontal and vertical direc- 
tions, which condition is quite common, inertia forces of 
magnitude may be encountered. Also, if the engine is run 
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at the frequency of the engine mounting until the vibration 
becomes violent, gyroscopic blade stresses may be developed 
which are almost as severe as the mean torque bending stresses. 

The shifting of the axis of power-plant vibration may also be 
serious, as pointed out by J. Tyler, formerly with the Genera! 
Motors research laboratory. At zero speed the power plant 
vibrates about an axis determined by the characteristics of the 
engine mounting, and then shifts to the axis of the least moment 
of inertia at infinite speed. At other speeds, the vibration will 
shift to an intermediate axis peculiar to that speed. These 
phenomena in aircraft power plants are totally unexplored at 
this writing. 

The exciting influence of variation of air flow through the pro- 
peller disk is well known. For instance, a two-bladed propeller 
on a leading-edge nacelle would obviously be hazardous if its 
symmetrical fundamental lay within the range of twice engine 
speed. These conditions would also force asymmetrical vibrations 
in a three-bladed propeller. A windshield, and two landing-gear 
legs approximately equally spaced could excite symmetrica] 
vibrations in a propeller with an odd number of blades and 
asymmetrical vibrations in a propeller with an even number of 
blades. A number of failures have been traced to such condi- 
tions. 

The effect of crankshaft torsion is well known, and the severity 
of this type of vibration is illustrated by a blade failure during 
test run at half of the rated power and approximately half the 
normal blade stresses of the propeller, but at crankshaft torsional 
resonance, The importance of crankshaft and_ propeller-shaft 
bending, however, is just becoming appreciated. 

The shaft of a radial engine has natural bending frequencies 
both perpendicular to and parallel with the crank throw. _ It is too 
soon to say how many engines have one or both of these types 
in the operating range, but investigation will probably show that 
most crankshaft troubles not due to torsional resonance are trace- 
able to bending resonance. A suitable test method is to install « 
propeller of a given weight and vibrate the piston of the master 
rod. It should be noted that shaft bending vibrations, not neces- 
sarily at resonance, are an adequate explanation of the origin of 
asymmetrical blade vibrations. 

The reader must not conclude that these vibration characteris- 
tics pertain only to controllable propellers. The fixity of the 
blades in the hubs of the successful controllable propeller is 
practically the same as a fixed-pitch propeller. In fact, the char- 
acteristics of all propellers, regardless of type and blade material, 
are quite similar. It is fortunate that a knowledge of resonance 
phenomena has been accumulated concurrently with the general 
use of controllable propellers, otherwise failure due to resonance 
might have incorrectly discredited them. 

The present-day conception of the importance of resonance 
phenomena reopens the entire question of propeller and engine 
tests for acceptance and approved-type certificates. It is 
quite possible for a power-plant combination to satisfy the current 
requirements and pass a 100-hr test at full throttle and still fail 
after comparatively brief service if some type of resonance occurs 
at or near the cruising speed. The company with which the 
author is associated and several governmental agencies, notably 
the U.S. Army Air Corps, are now working on instrumentation and 
technique for the detection of resonance under actual operating 
and flight conditions. It is to be hoped that the success of this 
work in the near future will make it possible to modify the ac- 
ceptance test so that comparatively brief and inexpensive runs 
under resonant conditions would satisfy all questions of endur- 
ance and safety. 
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Fig. 1 Tre Trtntpap STaTion oF THE Texas Power anv Licgut CoMPANY 


Operating Experience With Pulverized 
Texas Lignite in a Large Central Station 


By NORMAN G. HARDY,! DALLAS, TEXAS 


This paper describes the lignite resources of Texas, the 
characteristics of lignite, and the equipment, operating 
practices, and results obtained in burning it at the Trini- 
dad steam-electric station, the base-load station for the 
Texas Power and Light Company, 65 miles southeast of 
Dallas. The station has six steam-generating units firing 
pulverized lignite, and two 20,000- and one 35,000-kw turbo- 
generators. The original plant, consisting of four steam- 
generating units, and two 20,000-kw turbines, started 
operation in June, 1926. The rest of the station started 


LigNirE Resources OF TEXAS 


HERE are lignite deposits in an area of 50,000 sq miles 
T: Texas, extending in a belt from the northeastern corner 
of the state in a southwesterly direction nearly to the Rio 
Grande. The area is not generally underlaid with uniform de- 
posits, as has sometimes been supposed, but the deposits are in 


‘Superintendent of Power, Texas Power & Light Co. Mem. 
A.S.M.E. Mr. Hardy was graduated from Rensselaer Polytechnic 
Institute in 1910 with the degree of C.E. For two years he served 
as test engineer and assistant superintendent at the steam power 
station of the Cananea Consolidated Copper Co. From 1912 to 1918 
and from 1919 to 1922 he was associated with the Arizona Copper 

0., first as mechanical engineer on power-plant construction and 
later as superintendent of power plant, transmission lines and sub- 
stations. During 1918 he was power supervisor at the Old Hickory 
Powder Plant. Since 1922 Mr. Hardy has been connected with his 
Present firm as chief engineer of a plant, production engineer, and 
Superintendent of power. 


operation in May, 1931. Trinidad was not only the first 
large station to use Texas lignite, but also the first to use 
it in pulverized form. In the ten years of its operation it 
has used 100 per cent pulverized lignite very successfully in 
regard to reliability and economy. Operating costs have 
been favorable as compared with fuel oil and natural gas 
during a period when there has been a very large flush pro- 
duction of each within the state. It is now the only sta- 
tion burning pulverized Texas lignite and the only large 
station burning it in any form. 


relatively small lenticular bodies. Since there are no surface 
indications of the location of deposits and there have been no 
general systematic explorations made, it is impossible to make 
any accurate estimate of the probable total amount of lignite 
available. Deposits vary in thickness from a few inches to 14 
it with most minable deposits 6 to 9 ft thick. In most cases the 
deposits are 40 to 150 ft deep and both the floor and the roof 
are of clay or soft shale, making mining difficult. 


Contributed by the Fuels Division for presentation at the Semi- 
Annual Meeting of THe AMERICAN Society OF MECHANICAL 
NEERS to be held in Dallas, Texas, June 15 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1936, for publication at a later date. Discussion re- 
ceived after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 
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Within the lignite-producing areas, lignite was quite gener- 
ally used in the small local power plants and for other fuel re- 
quirements before the electric-transmission networks covered 
the area, but nearly all of these plants have been superseded by 
transmission-line service. Other uses of lignite have been super- 
seded to a large extent by natural gas. 

The United States Geological Survey Reports show that the 
annual production of lignite in Texas increased from 124,000 
tons in 1895 to 1,181,000 tens in 1913. Between 1913 and 1927 
it varied from 762,000 tons to 1,186,000 tons. In 1932 produc- 
tion had dropped to 614,000 tons, increasing to 785,000 tons in 
1933, the last year for which a report is available. The Trinidad 
station consumption in 1933 was 537,000 tons, leaving only 248,- 
000 tons production for all other uses. A few small generating 
stations near the lignite-producing areas are operating with lig- 
nite, using various types of stokers under small boilers. These 
installations have been fairly successful, but their efficiency is 
generally low. 

Lignite in its natural state is seldom suitable for use except 
very close to the mines, and therefore can compete with other 
fuels as a source of power or heat only in such localities, because 
(1) its heating value per pound is so low that transportation and 
handling.costs are relatively high, (2) it is not suited for ship- 
ment to any great distances except for use in pulverized form 
due to comminution in shipment and storage, and (3) it is not 
suited for use at distances remote from the mines where han- 
dling into and out of storage is necessary due to its tendency 
to burn spontaneously. 

It has been recognized by those who have been interested in 
the development of lignite that any large use must be either after 
it has been carbonized or dried and briqueted, after it has been 
converted into liquid and gaseous products by distillation, or in 
central generating stations near the mines. For many years 
government departments and individuals have done much 
research on a small scale looking toward the carbonizing and 
briqueting of lignite, and its conversion in whole or in part to 
gaseous and liquid products to obtain fuels better suited to trans- 
portation and for use in power generation and domestic and 
industrial heating. None of these processes has offered promise 
of fuels at costs which would be competitive with the other fuels 
available in Texas. 

Since the start of the developments of the transmission system 
in central Texas in 1912, lignite has been considered as a possible 
future fuel and designs for steam power plants have been made, 
which, in some cases, have provided for future installation of 
stokers. The first important investigation of the possibilities of 
using lignite, as well as other types of coal in central stations in 
Texas was made at Fort Worth in 1918 and 1919 by the Electric 
Bond and Share Company with tests of several different types of 
stokers and furnaces under straight-tube boilers with heating 
surfaces of 5180 sq ft. In these tests it was found that under- 
feed stokers could be operated with good economy, high over- 
loads, excellent flexibility in operation and low fuel consumption 
during banking periods. Fair economies were obtained with 
Coxe stokers, but they were unsatisfactory in regard to capacity 
and flexibility. It was thought that performance could probably 
be improved by better furnace design. Natural-draft chain 
grates were also tried with promising results, but it was concluded 

that these stokers were not suitable for the overloads and flexi- 
bility required in a central station. Before these tests were com- 
pleted the price of fuel oil had declined to a figure that made it 
unnecessary to consider further the use of coal or lignite. 


PRELIMINARY Srupires To BUILDING OF TRINIDAD 
STATION 


In 1924 the very rapid growth of load made it necessary for 
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the Texas Power and Light Company to start plans for a new 
base-load station to serve their transmission system, covering 
an area approximately 300 miles from north to south and 200 
miles from east to west. At the time fuel oil was not available 
at a price permitting its use in a large generating station in com- 
petition with other fuels. It did not seem advisable to build a 
new station to use natural gas, since the prices at which con- 
tracts could then be made were at least as high as for solid fuel, 
and future trends of supply and prices were very uncertain. 

In the preliminary investigations, stations were considered 
at locations where Oklahoma bituminous coal, central Texas 
bituminous coal, and lignite could be obtained economically. 
Influenced largely by its favorable location with respect to the 
company’s loads, it was decided to build a station to use lignite in 
east Texas, if adequate reserves could be obtained. After exten- 
sive investigation, adequate reserves were located in the vicinity 
of Malakoff and a suitable station site was found near the Trinity 
River at Trinidad. 

By this time many stations were using pulverized coal and so 
both underfeed stoker and pulverized fuel firing were considered. 
There was an opportunity, in cooperation with others, to make a 
test of pulverized lignite in a steam-generating unit at St. Paul, 
Minn., which had a heating surface of 10,440 sq ft. The fuel- 
handling, drying, and pulverizing equipment, and burners, and 
furnace were designed for operation with high-grade bituminous 
coal, and in many particulars were not suited to operation with 
pulverized lignite. Therefore, the results were not in themselves 
good, but the causes of difficulties were evident and the remedies 
apparent so that all who witnessed the test were convinced that 
equipment could be designed to burn pulverized lignite satis- 
factorily. The designers also had available experience at a 
number of other stations burning low-grade fuels in pulverized 
form. As a result, it was decided to build the Trinidad Station 
for pulverized lignite. Among the important considerations 
leading to the decision were the unimportance of comminution, 
the ease and cheapness of pulverization, the ease of ignition, 
freedom of burning, low banking cost, and the excellent per- 
formance, economy, and flexibility obtainable. 


CHARACTERISTICS OF TEXAS LIGNITE 


When Texas lignite is freshly mined, it has, in general, a dull 
black appearance with a brown streak. Much of it shows dis- 
tinctly the grain of the wood from which it was formed, but none 
of it has any unconverted woody material. The pulverized 
lignite has a brownish tinge, the finer the state of grinding the 
browner the appearance. After continued exposure of lump 
lignite to the atmosphere, the lumps lose moisture and com- 
minute, presenting a grayish appearance on the exposed surfaces. 
The loss in weight on exposure is due chiefly to loss of moisture. 
The appearance of the lignite is a very unreliable guide to the total 
moisture present. Lignite containing as much as 33 per cent 
moisture appears to be dry and when pulverized is not sticky nor 
gummy. 

The lignites of North Dakota and Texas, the two largest fields 
in the United States, are quite similar, although those from 
North Dakota usually have a little more moisture. The lignites 
of Colorado are more highly developed, contain less moisture, 
and have a higher heating value. 

American lignite has quite frequently been likened to the 
German brown coals, the development in the preparation and use 
of which has been cited as an example of the use which should be 
made of lignite in this country. Actually they differ greatly. 
German brown coals have about 60 per cent moisture, a heating 
value of 3200 to 4500 Btu per lb and enough gummy *onstituents 
to serve as a binder for briquetting. Brown coal is intermediate 
in development between peat and American lignites. It is soft 
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TABLE 1 ANALYSES ay) HEATING VALUE OF LIGNITE 


MPLES 


Proximate analysis, as received, per cent: 

Fixed carbon........... 


Nitrogen..... 
Sulphur. 

Ash.. 


Total. . 


Calorific Btu per 
Moisture and ash free. ... 


TABLE 2 ANALYSIS OF ASH 
Constituents, per cent: 


Loss in ignition. 


Ferric 
Aluminum oxide 
Calcium oxide. . 
Magnesium oxide. . 
Sulphur 
Undetermin 


ota 
Alkalinity in terms of CaO. 


© 


Lignite as 
delivered 
31.0 


2 

12.7 
0 


0.79 


enough so that it can be cut with a spade. Much of it is only 
partially converted, and in many cases small pieces of wood are in 
evidence. On the other hand, Texas lignites are real coals with 


none of the peaty characteristics of the brown coals. 


of a typical mine sample and 
a representative weekly com- 
posite of actual deliveries of 
Texas lignites are given in Table 

Lignite is hygroscopic, hold- 
ing 26 per cent to 28 per cent 
moisture, which is not given up 
easily until after comminution. 
The surface of lignite in storage 
air drys to a moisture content of 


Analyses 


Stack 
/2-0" Diam 


30020"High 


station to provide for emergencies. 
operation it has been necessary to use lignite out of storage only 
once when a bad freight wreck damaged a trestle on the main- 
line railroad over which the mining company’s trains are oper- 
On another occasion, lignite was used from storage to 
conserve the supply in the cars when a flood threatened to inter- 
rupt train service. 


between 9 and 13 per cent, but 
the body of the pile continues to 
hold 34 to 37 per cent of moisture. 

The ash has a softening tem- 
perature of 2190 F to 2460 F, and 
is inert chemically. An analysis 
of the ash is given in Table 2 
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The alkalinity was determined 
by extracting the ash with dis- 
tilled water and testing the ex- 
tract. It is interesting to note 
that while coal ash is usually 
acidic this ash is alkaline. 
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shovel with a capacity of 3 cu yd are used. Both shovels are 
electrically operated. The strip mine is held in reserve to in- 
sure an adequate supply to the station in case of interruption of 
supply from shaft mines for any reason. 

Lignite is delivered to the station storage tracks by the mining 
company in 104 hopper bottom-dump cars of 45 tons capacity 
and 70 hopper bottom-dump cars of 70 tons capacity. 
number of cars it is possible for the mining company to keep 
enough loaded cars on the plant tracks to give a continuous supply 
However, some lignite is held in storage at the 
In the ten years of station 


DESCRIPTION OF EQUIPMENT 


The Trinidad station is shown in Fig. 1, in which can be seen, 
from right to left, the lignite storage yard, lignite crushing 
tower, pulverizing bay, boiler bay, turbine bay, and high-tension 
switching yard. Fig. 2 shows a cross section of the pulverizing 
and boiler bay of the 1926 installation. 
of similar arrangement but roofs of both pulverizing and boiler 
bay are built higher in order to house the larger units. 

Method of Handling Lignite. 


The 1931 installation is 


Switching at the station is done 
by two storage-battery locomotives. Lignite, after being 
weighed on track scales, is dumped by hand into a hopper ad- 


MINING AND DELIVERY | 


Bunker for 


Crushed 
Coa/-, 


The lignite used at Trinidad 


is obtained from several mines 
near Malakoff, eight miles from 
the station. Fuel for all ordi- 
nary requirements is mined by | 


underground methods, but about 
10 per cent of total reserves can 
be mined economically by strip- 
ping. For stripping operations, 
& stripping shovel with a ca- 


pacity of 8 cu yd and a lignite Fie. 2 Cross Section oF THE PULVERIZING AND Borter Bay or THE Units INSTALLED IN 1926 
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jacent to a tower where the lignite is crushed and elevated. 
The equipment used for crushing and conveying the lignite was 
supplied in duplicate by the Stephens-Adamson Manufacturing 
Company. Each set, with a capacity of 100 tons per hr, con- 
sists of an apron feeder with a magnetic-head pulley, two Pennsyl- 
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fic. 3. Cross Section or STEAM-GENERATING Unit INSTALLED IN 
1926 


vania 24 X 50-in. single-roll crushers in series, with a vibrating 
screen between them. A bucket elevator and cross-belt con- 
veyor, equipped with a Merrick weightometer and magnetic- 
head pulley, conveys the lignite from the crusher to a reversi- 
bie shuttle-belt conveyor which discharges into the crushed- 
lignite bunkers. At the head of one of the cross-belt conveyors 
there is an automatic sampler, crusher, and quartering device for 
taking a continuous sample. The conveying system is arranged 
to permit each unit to discharge to either of the following units: 
Crushed lignite may be discharged from the bucket elevators 
through a chute into the storage yard, which is 215 368 ft in 
extent. Lignite is distributed in the yard and reclaimed by a 
Sauerman Brothers drag scraper with a bucket having a capacity 
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of 2 cu yd. Reclaimed lignite is discharged through gates into 
the track hopper whence it follows the regular path. Three 
sides of the storage yard are enclosed with earth dikes 9 ft high 
to reduce air circulation in the stored lignite. The yard when 
filled to a depth of 8 ft has a capacity of over 18,000 tons. 

Fuel Pulverizing. From the bunkers the lignite flows by 
gravity through driers to the pulverizing mills. Driers are of 
the steam-heated grid type, using steam bled from the turbines 
at pressures between 3 and 10 Ib per sq in. gage. For each 15-ton 
mill there are four stacks of 45 cast-iron grids. For each of the 
25-ton mills there are six stacks of 50 grids. Each grid is 2 ft 
8 in. wide by 8 ft 4 in. long. Alternate grids in the lower two 
thirds of each stack have smaller openings than the other grids 
so as to give a zigzag path to the lignite. There is a 0.75-in. 
space between grids. Approximately 3 hours are required for 
lignite to pass through the drier. Each drier is enclosed in an 
insulated steel housing so arranged that the drying air is admitted 
through doors to one side of each stack of grids and passes trans- 
versely through the lignite to the suction ducts of the drier fan. 
There is a bopper at the bottom of each stack of grids which dis- 
charges through a 12-in. pipe to the mill. 

On a floor between the driers and mills are the drier fans and 
mill exhaust fans. The drier fans for the 15-ton units are Green 
Fuel Economizer Company, type SA, No. 4'/: fans, operating 
at 686 rpm and rated at 16,000 cfm at 140 F against 6 in. water 
pressure. The fans for the 25-ton units are American Blower 
Corporation’s type 55 MD, operating at 850 rpm and rated at 
24,000 cfm at 150 F against a water pressure of 7 in. The fans 
discharge the air to cyclone separators at the top of the building. 
For the 15-ton unit these separators are 9 ft in diameter and 15 ft 
high. For the 25-ton units they are 11 ft in diameter and IS ft 
high. The air passes from these cyclones through air washers to 
the atmosphere. The dust collected in the drier cyclones is 
discharged to the mill cyclone air system. 

There are four Raymond super-six roll-type pulverizing mills, 
rated at 15 tons per hr, each driven by a 200-hp induction motor, 
and two similar mills, rated at 25 tons per hr, each driven by a 
300-hp wound-rotor induction motor. The mill exhaust fans 
for the 15-ton mills are No. 14 Raymond fans operating at 1175 
rpm. For the 25-ton mills the fans are of the same type but 
operating at 1170 rpm, and having a capacity of 28,000 cfm at 
108 F against a static pressure of 24 in. of water. For each of the 
15-ton units there is a cyclone separator 8 ft in diameter and 15 ft 
high. For each of the 25-ton units there is a cyclone separator 
12 ft in diameter and 19 ft high. The air system for each mill 
operates on a closed cycle. For the 15-ton mills the air flow is 
from mill to fan to cyclone to mill. For the 25-ton mills the flow 
is from mill to cyclone to fan to mill. Each mill system is vented 
to the suction duct of the drier fan to maintain a pegative pressure 
in the mill, and to reduce humidity in the mill circuit. A small 
amount of air is admitted at the mills. 

From the discharges of mill cyclones, duplicate screw-con- 
veyor systems convey the pulverized lignite to the boiler bins. 
Each screw conveyor has a capacity of 52 tons per hr at 80 rpm. 
At each crossover point, gates are provided to permit discharge 
into any of the following conveyors, making the conveyor system 
completely flexible. 

There is an interlocking system, which includes the mills, 
mill exhauster and drier fans, cyclone gates, screw conveyor= 
(centrifugal switches), gates between screw conveyors, and eme!- 
gency discharge gates at ends of serew conveyors. There is 4 
diagrammatic interlocking panel with key-operated switches 
corresponding to each gate. After the operator has set up for 
the sequence of flow desired, motors can be started only in pre- 
determined order and all preceding motors will be shut down if 
any one fails, if a gate which should be open between conveyor 
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is closed, or if the emergency gate at the end of a conveyor is 
forced open by flow of lignite. 

Steam Generators. ‘The first four steam-generating units were 
designed to produce 185,000 lb of steam per hr at a pressure of 
425 lb per sq in. gage, and a temperature of 750 F. A cross sec- 
tion of these units is shown in Fig. 3. The boilers were sup- 
plied by Babcock and Wilcox and are of typical three-pass cross- 
drum design with interdeck superheaters. They are 44 tubes 
wide and 18 tubes high with 4-in. X 20-ft tubes, except the two 
lower rows which are 3'/,-in. tubes. There are spaces for ten 
rows of tubes below the superheater of which the first, third, fifth, 
ninth, and tenth rows are in place, the others being omitted. 
Above the superheater there are 13 rows in regular arrangement. 
The superheaters have three passes with a total of 344 tubes 
2 in. in diameter in each superheater. The furnaces and settings 
were supplied by Combustion Engineering Company. The 
principal dimensions of the setting are given in Table 3. The back 
wall (burner wall under lower end of boiler tubes) and side walls 
of furnace for a width of 7 ft are air-cooled with secondary air 
admitted to air-cooling passages through dampers at the sides 
of the settings and passing horizontally to openings in the back 
wall. The remainder of each side wall is water cooled with 24 
bare-finned 4-in. tubes on 7-in. centers, having an exposed length 
of 27 ft 6 in. In the front wall there are 26 plain 4-in. tubes on 
10'/;-in. centers with an exposed length of 27 ft. There are 26 
ash-sereen 4-in. tubes on 10'/.-in. centers. Ash-pit floors and 
walls are air-cooled by suction air of the primary air fans. 

The boilers are fired with twelve 1°/s-in. X 20-in. Lopulco 
burners spaced on 16!/,-in. centers. The center line of the 
burners is 3 ft 6 in. from the back wall, and the end burners are 
4 ft from the side walls. Feeders, furnished by the Combustion 
Engineering Company are of the screw type with one feeder per 
burner. Feeders in two groups of six are motor driven through a 
variable-speed transmission. Speed is controlled from the firing 
floor. 

The two steam-generating units installed in 1931 were designed 
to produce 325,000 Ib of steam per hr at a pressure of 450 Ib per 
sq in. gage and a temperature of 750 F. A cross section of these 
units is shown in Fig. 4. The boilers were supplied by Babcock 
and Wileox and are of single-pass design with interdeck super- 
heaters. They are 44 tubes wide and 43 tubes high with 4-in. 
tubes. The tubes in the lower row are 20 ft long and those in the 
upper row are 12 ft long. There are spaces for 9 rows of tubes 
below the superheater of which the first, fourth, sixth, eighth, 
and one half the ninth rows are in place, the others being omitted. 
Alternate tubes in the first row are offset downward 12 in. The 
superheaters are of the single-pass type with an area of 6418 sq ft. 
The furnaces and settings were supplied by Combustion Engi- 
neering Company. The furnaces are of approximately the 
same interior dimensions as those for the four units installed in 
1926. The principal dimensions of these units are given in 


TABLE3 BOILER AND FURNACE DATA OF THE UNITS AT TRINIDAD 
Units installed in 
931 
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Table 3. ‘The burner arch and the four walls of the furnace 
have 4-in. fin tubes on 7-in. centers covering their entire surface. 
Hearth-screen tubes are offset to give two rows on 14-in. centers 
vertically and 14-in. centers in each row horizontally. The 
floors of the ash pit are air-cooled in the same manner as on the 
older units but only part of the primary air is passed through the 
furnace bottom. 
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Fic. 4 Cross SECTION OF STEAM-GENERATING UNIT INSTALLED IN 1931 


The units are fired with fourteen 1 X 185/,in. 


(1926) a Lopuleo foreed-draft burners spaced on 17!/;-in. 
t n. t centers with outside burners located 3 ft 6 in. from 
Height of center of drum above basement floor....... a ae 5 90 0 the center of tubes in the side wall and 3 ft from 
Height of burner arch above ash-screen tubes.............. 23 10 23 6 
Height of lower boiler tubes above ash-screen tubes....... . . 34 0 35 6 the back wall. There are seven (one for each two 
center of drum above center of lower row of boiler burners) Lopulco type-R 5'/,-in. feeders. Each 
Width of furnace, inside transverse to boiler tubes.......... 23 6 26 0 : independently through a variable- 
of below boiler tubes and above ash-screen speed transmission. On the firing-floor control 
Heat liberation at maximum rating, Btu per hr per cu ft... 14600 23200 board there is a switch for adjustment of speed 
eating surface, sq ft: sities satin of each feeder individually and a master switch 
Two side walls... bas “1895 for control of all feeders simultaneously. 
Back walls (including burner 1340 air to the burners for each of 
21276 36975 emailer boilers there isa St t design 
Maximum evaporation, Ib per hr per sq ft of heating surface. .. 8.5 8.8 No. 1, size No. 3 fan operating at 1750 rpm. These 
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are rated at 10,000 cfm at 18 in. of water pressure and 200 F. The 
fan suctions are through the passages of the air-cooled ash pits of 
the steam generators. The primary air ducts are interconnected 
but are operated normally as separate units. In case of fan fail- 
ure, the fan on an idle boiler can be operated or two fans can 
be used for operating three boilers or three fans for operating 
four boilers at reduced rating. ‘To supply primary and tertiary 
air for each of the larger boilers there is an American Blower 
Corporation fan No. 50 MD-SWD 1 with a 54-in. wheel operating 
at 1150 rpm. These fans are rated at 43,000 cfm at a water 
pressure of 14-in. and at 120 F. 

Natural draft is supplied by three reinforced-concrete chim- 
neys, one for each two boilers. Two of these have an inside 
diameter at the top of 12 ft and a height of 300 ft. The other 
chimney is 14 ft in diameter at the top and 287 ft high. Their 
bases are at roof elevation and they are each carried by four of 
the boiler-building columns. Their tops are 398 ft above the 
basement floor. 

It will be noted from this description that the steam-generating 
units are very simple, avoiding the complication involved in the 
installation of air preheaters, economizers, and induced-draft 
fans. This simplicity has contributed very materially to reliabil- 
ity and low operating cost. 

Ash disposal is by drag conveyors to ash cars, then to a dump 
on the station property. 

All equipment is driven by full-voltage-starting induction 
motors. Motors above 50 hp operate at 2200 v and motors 50 
hp and under operate at 220 v. Push-button starting switches 
and thermal relays are placed near each motor. The circuit 
breakers for the 2200-v motors are in the auxiliary-power rooms 
where the busses for all auxiliary power control are situated. 


OpERATING EXPERIENCE 


General. The first four steam-generating units were started 
in June, 1926, and within a few days the station was in regular 
service carrying loads up to the designed maximum. Since that 
time, reliability has been above the average and there have been 
very few times when curtailment of load was necessary. No 
major alterations or replacements of equipment have been neces- 
sary and overall performance has been close to that predicted by 
the designers. The 1931 extension of the station has been equally 
euccessful. Considering that lignite of this type had never been 
burned in pulverized form on a large scale before, great credit is 
due the station designers and manufacturers’ engineers for their 
excellent design. Credit is due these engineers and the station 
operators for the close cooperation during the starting period in 


developing operating methods and overcoming difficulties as they . 


arose. 

Storage. When the station was designed it was not known 
what steps might finally be necessary for the successful storage of 
lignite or how much difficulty might be encountered with fires. 
Therefore, the previously described arrangements were made to 
insure reliable and continuous supply from the mines. Storage 
capacity was made small and equipment simple and inexpensive. 
To enable the mining company to dispose of lignite mined during 
the development stage, lignite was stored several months before 
the station was ready to operate. This lignite, crushed to 1'/,-in. 
size, was dragged into storage without any care to keep piles 
level or to avoid separation of coarser portions. In a very short 
time much of the lignite began to heat and many fires were en- 
countered. Earth dikes were built around three sides of the 
storage area, the lignite in place was leveled and rolled, and all 
lignite placed in storage thereafter was leveled and rolled in 
layers 2 ft thick. This rolling was done with a small tractor and a 
roller 25 in. in diameter and 58 in. long filled with concrete. 

After lignite was stored to a depth of 8 ft, pipes were driven 
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into the pile and thermometers placed at three depths. The first 
lignite placed, which was not rolled in 2-ft layers, heated to tem- 
peratures of 110 F to 188 F at a depth of 1 ft, reaching the peak 
within one to two months after rolling was completed. The 
temperature at a depth of 3 ft reached a peak of 125 F to 180 F 
about a month later. The temperature at a depth of 6 ft reached 
a peak of 145 F at about the same time. The maximum tem- 
peratures in the areas that were laid down in 2-ft layers increased 
slowly and were not as high. Very little trouble with fires was 
encountered in the lignite deposited and rolled in 2-ft layers. 
Along the northwest exposure, on the side not protected by a 
dike, fires occurred quite frequently during or shortly after strong 
winds from the north, indicating that air circulation in the pile 
aggravated the tendency to burn. After temperatures have 
passed their peak and started to recede no fires are encountered. 

There has been so little lignite used from storage that it has 
not been possible to determine accurately the loss in total heating 
value in storage. When approximately 6000 tons were re- 
claimed in 1932, an effort was made to determine losses by 
comparing analyses. About 80 per cent of this lignite had been 
in storage since 1930 and the remainder since 1926. Because of 
the uncertainty regarding the comparability of samples, the cal- 
culations are of doubtful value, but they indicated a loss of 
approximately 11 per cent in volatiles and 12 to 13 per cent 
in heating value. These calculations were based on the assump- 
tion that the total weight of ash was unchanged, and therefore, 
should be considered as very rough approximations. 

The lignite in storage, except that at the surface which is com- 
minuted, shows little change in appearance and no difficulties 
have been encountered in handling and preparing it although the 
higher moisture content causes extra work to keep hoppers and 
spouts in the conveying system clear. The storage equipment 
has a capacity to reclaim 58 tons per hr. 

Fuel Handling. The operation of the unloading, crushing, and 
conveying equipment has been very satisfactory with no unusual 
difficulties. At Trinidad it is seldom cold enough for freezing 
to cause unloading difficulties and no difficulty is encountered 
unless freezing weather immediately follows very wet weather. 
The lignite, even in rainy weather, does not clog chutes nor stick 
to belts appreciably except on infrequent occasions when some 
of the clay from the roof or floor of the mine is mixed with it. 
An average screen analysis of crushed lignite is given in Table 4. 


TABLE 4 AVERAGE SCREEN ANALYSIS OF CRUSHED LIGNITE 
Passing through: 


3/,in. mesh 
in. mesh 

Retained on 


Drying. The driers and mills combined dry the lignite to 


moisture contents of 25 to 28 per cent. Most of the moisture 
removal is in the driers but there is some loss in the mill circuit. 
The moisture removal and final moisture content increase with 
an increase of moisture in the lignite as received. The driers 
consume 190 to 250 lb of steam at 9 lb per sq in. gage pressure 
per ton of lignite. The lignite as received varies from 30 to 33 
per cent moisture, depending on the section of mines from which 
it is obtained and the weather conditions during the few days that 
it stands in cars before use. 

There would be some improvement in station economy if more 
moisture were removed in the driers instead of being evaporated 
in the furnaces, but due to the necessity of heating and moving & 
large amount of air to get effective drying in the driers, the 
improvement would not be great and would not justify the 
investment in equipment needed to get better drying. 
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The first units were specified to take lignite that had been 
crushed to pass a */,-in. screen and dry it from 31 per cent to 15 
per cent moisture, as this was thought to be necessary in order 
to get desired pulverizing-mill capacity, and to avoid caking and 
clogging in conveyors, bins, and burners. When the station was 
started it was found that from 2 to 3 per cent of moisture was 
removed in the driers and 3.5 to 6 per cent was removed in the 
mill circuit, thus drying the lignite from a moisture content of 
between 33 and 35 per cent to a moisture content of between 26 
and 27 per cent. With lignite dried to 28 per cent moisture or 
below, mill capacity is satisfactory and no difficulty is encountered 
with clogging or caking of the pulverized lignite in the conveyors, 
bins, feeders, or burners. A great many experiments and minor 
changes were made in an effort to improve this drying. Lignite 
was being crushed to pass 3/,-in. or a little larger mesh. It was 
found that better drying was obtained with lignite crushed to pass 
1'/;-in. mesh because of the larger amount of air which passed 
through the coarser lignite. Minor changes were made in 
driers in an effort to increase drying capacity but with very 
little benefit. Even when fuel feed through the driers was 
stopped for several hours with steam supplied to grids, and fans 
operated, very little increase in drying was obtained. It soon 
became evident that it would be very difficult and expensive to 
remove any considerable portion of the hygroscopic moisture. 

While these experiments were in progress considerable dif- 
ficulty was encountered with the lignite caking in screw con- 
veyors, bins, and feeders. This was at first attributed to in- 
sufficient drying. As originally installed, the drier cyclones dis- 
charged directly into the screw conveyors. It was soon found 
that there was a positive pressure at the base of the drier cyclones 
with the result that the air in the cyclones at a wet-bulb tem- 
perature of 105 F was passing through the screw conveyors to the 
pulverized-lignite bins, resulting in condensation that caused the 
caking and clogging. ‘The drier cyclones were altered to reduce 
the pressure at their base, and discharge openings were restricted. 
Later, drier-cyclone discharges were reconnected to discharge into 
the mill air system, which further improved their performance 
and eliminated any tendency for this humid air to pass to con- 
veyors. There is a suction at the base of the mill cyclones so 
that air from the mill circuit does not pass into the conveyors. 

On a few occasions fires have been found in the driers, which in 
nearly every case were caused by sticks or other foreign objects 
obstructing the flow of lignite. These fires were extinguished 
with a water lance made of !/,-in. pipe. None of these fires 
caused any explosions or other damage except that a few cracked 
grids have been attributed to stresses resulting from the improper 
use of the lance. 

Pulverizing Mills. The four smaller pulverizing mills each 
have an average capacity of 15 tons per hr of lignite as received 
and the two larger mills have capacities of 25 tons per hr. The 
capacity as milled is approximately 7 per cent less due to reduc- 
tion of weight by moisture removal in mils and driers. Average 
screen analyses of the pulverized lignite are given in Table 5. 

The cost of lignite preparation including switching, crushing, 
conveying, dryine, »ulverizing, and ash disposal, but excluding 
cost of drying steam: ior the last three years is given in Table 6. 

Mill operation has been very satisfactory and the life of mill 
parts is above that for similar mills reported by stations burning 
bituminous coal. The bull rings have a life of 22,000 hr in the 
15-ton mills and 16,000 hr in the 25-ton mills. Rolls have a life of 
approximately twice that of the bull rings. The plows, gears, 
and bearings have along life. Tests on the 25-ton mills show that 
just before bull rings are renewed as worn out, the output, as 
compared with new rings, has decreased 3'/, per cent and power 
consumption per ton has increased 21 per cent. 

The 15-ton mills were supplied originally with grease-lubricated 


TABLE 5 AVERAGE SCREEN ANALYSIS OF PULVERIZED - 
LIGNITE 


15-ton 25-ton 
mill mill 


Per —_ passing through: 


99 99 
20 Mesh.. 100 
Average moisture, ‘per 26.45 26.21 


TABLE6 COST OF PREPARING LIGNITE 


1033 1934 1935 
Lignite consumed, tons.... 537,221 477,798 499,706 
Cost per ton of lignite consumed, cents 
Fuel unloading cost....... 1.050 1.210 1.181 
Fuel-preparation cost for: 
perating labor....... 5.384 7.052 6.953 
Operating supplies... . 0.236 0.256 0.232 
Maintenance......... 2.743 4.628 3.658 


Energy at plant-pro- 


duction cost....... .020 4.640 4.160 
Total fuel-preparation cost -—— 12.383 -—— 16.576 —— 15.003 
Total fuel-unloading and 
preparation cost...... 13.433 17.786 16.184 


bearings. These were changed, after a few months operation, 
to use oil by installing a mechanical lubricator, driven from a 
feeder drive on each mill. This lubricator discharges to a dis- 
tributor mounted on the central shaft from which flexible copper 
tubes connect to each roll journal. The grease space in the 
journal is packed with wool waste. This change greatly reduced 
the trouble from stuck roll journals, reduced lubrication costs, 
and reduced the mill outage for lubrication. In these journals, 
the lubricant is admitted to the outside of ring-type thrust bear- 
ings at the top of the journal so that lubrication of the journals 
was by the lubricant that passed radially inward through the 
thrust bearings. As there were some cases of roll sticking which 
were apparently due to insufficient journal lubrication, holes have 
been drilled through the shafts to admit oil to the journals at the 
inside of the thrust bearings. The 25-ton mills have oil-lubri- 
cated journals which are superior to the type on the first mills. 
There have been no explosions in any part of the fuel-prepara- 
tion system and very few fires, none of which caused any damage 
to equipment. The most serious fire, one which occurred in the 
system of one of the 15-ton mills, apparently was started by an 
overheated roll journal. The operator discovered the hot journal 
and when the general foreman arrived there was fire at several 
points in the mill air system. Carbon dioxide from portable ex- 
tinguishers and fire hose were used to extinguish these fires. 
This fire would have been insignificant if it had not been for the 
concern about the explosion hazard, the uncertainty regarding the 
extent of the fires and the time that they had been in progress, 


and the possibility that fire might have been communicated to the _ 


screw conveyors and bins. 

A few small fires have been found in mills and in pulverized- 
fuel bins. The bin fires have in every case been in a bin on an 
idle boiler and have been eliminated by emptying bins if a boiler 
is to be idle for more than four days. Ordinarily, bins are 
emptied as nearly as possible before the boiler is shut down, after 


which a temporary pipe is installed from one feeder to the boiler 


across the aisle. 


Burner Feeders. The feeders on the first units were supplied © 


with cast-iron screws. These wore out very quickly and were 
replaced with cast-iron screws with the edge of the helix coated 
with stellite, which have a life of two to three years before they 
have to be re-stellited in the station shop. These feeders and the 
variable-speed transmissions have been very satisfactory and 
maintenance cost has been low. 

The feeders for the two large steam-generating units have given 
satisfactory results but operators are of the opinion that the 
screw-type feeders are to be preferred. The individual drive 


with master speed control has not been entirely satisfactory be- 
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cause operation of the master control switch does not change the 
speed of all feeders equally, therefore making it necessary to 
equalize speeds frequently. Some difficulty was encountered 
with lignite passing through the sleeve bearing into the casing 
of the worm gear which drives the feeder. This resulted in rapid 
wear of the worm and gear. It was overcome by turning a 
groove near the top of the bushing between the gear case and 
feeder compartment and admitting primary air to form an air 
seal. 
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Fic. 5 OperaTinG CHARACTERISTICS OF STEAM-GENERATING UNITS 
INSTALLED IN 1926 


Steam Generators. No difficulty has been encountered with ig- 
nition or in maintaining fires in either type of steam generator. 
In both, fires are ignited with torches made of asbestos wicking 
impregnated with kerosene. After fires are started each burner 
is ignited from an adjacent burner. In the large units, a kerosene 
burner is kept in service during the firing-up period. 

Operating results now being obtained are indicated by the 
curves in Figs. 5 and 6. Since the equipment is not arranged to 
permit weighed-fuel tests, the efficiencies given in the curves are 
calculated from heat-balance data based on 26 per cent moisture 
in the lignite as fired and 24 per cent excess air, which are repre- 
sentative of average operating conditions. 

The overall boiler efficiency for the station, calculated from 
weight and heating value of lignite as received and heat added to 
feedwater in the steam-generating units, was 77.2, 76.2, and 76.2 
in 1933, 1934, and 1935, respectively. These efficiencies may 
seem low for modern steam-generating units, but it should be 
remembered that the steam generators are the simplest type of 
natural-draft units. The savings in fixed charges, operating 
cost and maintenance expense more than compensate for any 
saving in fuel cost which might be effected by air preheaters or 
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TABLE 7 AVERAGE FURNACE TEMPERATURES RECORDED 
BY AN OPTICAL PYROMETER 
Large 


eteam- 


Small 
steam- 
gen. 
units 
Rating, lb per hr 175,000 
Temperatures: 
Back, (burner side) above ash screen, F 
Front, two thirds of distance from ash screen to 
burner, F 
Front, one half distance from ash screen to burners, F 
nter of furnace, 
Below boiler tubes, 
Below superheater, F 
Ash pit 
Uptake 


economizers. In addition, the greater availability and reliability 
of the simpler units permits giving of continuous service without 
operating much reserve capacity. Average furnace tempera- 
tures recorded by an optical pyrometer are given in Table 7. 
There has been no slagging or clinkering of ash or any erosion 
of brickwork in either type of furnace. In the small units, the 
ash is deposited on the air-cooled section of the furnace wall to a 
thickness of 1 to 2 in. as a light fluffy blanket which crumbles to 
dust when touched. There is very little deposit found on the 
waterwalls and in no case has there been enough to require re- 
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Fic. 6 Oprratina CHARACTERISTICS OF STEAM-GENERATING UNITS 


INSTALLED IN 1931 


moval. In the boiler and superheater, the fly ash is deposited 
as a very fine sand which is removed easily by hand lancing with 
compressed air. At times the ash which piles up on the ash 
sereen tubes softens enough to stick together but nearly all pit 
ash is free flowing sand. 

Repair of brickwork has been a small item. In two of the 
small steam-generating units the air-cooled walls were rebuilt 
last year after nine years of service and the other two will be re- 
built this year. This rebuilding was necessary because of the 
breaking of the tile which bonded across the air passages. In 
these units it is necessary each year to rebuild a small section of 
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wall below the fin tubes because ash gets between the tubes and 
the brick, and crowds the wall out. Aside from this, the repairs 
to brickwork have been negligible. 

Steam temperature at maximum output in both types of units 
was below that guaranteed. The manufacturers corrected this 
by changes to superheaters and removal of some of the boiler 
tubes below the superheater. However, the slope of the super- 
heat-output line is still steeper than originally specified. 


rABLES THR ENERGY CONSUMEDIN LIGNITE PREPARATION 
FOR 1935 


Lignite consumed, as received, tons 499,706 
Energy consumed, 
kwhr per ton 
Raw fuel handling, including swite hing, 
and conveying 0.84 
Fuel pulverizing: 


Drier fans “Kare 1.19 
Miscellaneous, inc luding screw conveyors, air-washer 
pumps, burner feeders, etc............. 1.79 
otal fuel pulverizing — 15.72 
Lignite-burning equipment: 
Primary-air fans , 4.60 
Miscellaneous, including ash disposal, etc 0.05 
lotal lignite-burning equipment........ 4.65 
fotal fuel handling, preparation, and burning.... 21.21 


The firing controls are all manual except that the large units 
have automatic furnace-draft control. All controls are on or 
adjacent to each boiler-gage board on which are a drum pressure 
gage, a steam-flow air-flow meter with flue-gas- and steam-tem- 
perature recorders, draft gages, and feeder speed controls and 
indicators. The six boilers are operated by two firemen on the 
firing floor and two water tenders on the feeder floor. For the 
base load of this station, the manual control has been very satis- 
factory and the four men can satisfactorily operate boilers under 
all ordinary and emergency conditions. The operators make 
hourly Orsat gas analyses at four points across the uptake gas 
passage of each large boiler to check for equal distribution of ex- 
cess air. 

Complete inspection of each steam-generating unit is made 
semiannually and boilers operate as needed between inspections. 
Even though station operating schedule does not require that 
inspections be rushed, the average availability of steam-generat- 
ing units is better than 90 per cent. The reliability of the steam- 
generating units is excellent, with no cases on record of curtail- 
ment of station load because of failure of a steam generator. 

The energy consumed in lignite preparation for 1935 is given in 
Table 8. 


FUEL-SAMPLING AND ANALYSIS METHODS 


The lignite is sampled daily after being crushed and again 
after being pulverized. The crushed-lignite sample is used for 
proximate analysis and the pulverized sample for the deter- 
mination of moisture and sizing only. A weekly grab-sample 


of crushed lignite is taken from each crusher for size determination. 

The automatic sampling machine has a collecting device which 
obtains a small sample of the lignite from a cross section of the 
stream delivered by a belt conveyor. The sample is then further 
divided and crushed by the sampler and deposited in a bucket of 
approximately 25 lb capacity. The sampler, made as nearly air 
tight as possible to guard against change in moisture, can be 
adjusted to permit the collection of an approximately full re- 
ceptacle for each day’s run. The sample is collected daily, 
riffed down to 1 qt and put into an airtight container for de- 
livery to the laboratory. 

The sample of pulverized lignite is a single daily grab-sample 
collected from the fuel-stream at the base of a mill cyclone collec- 
tor. The sample is collected in an airtight container of 1 qt 
capacity for transportation to the laboratory. The fuel from a 
different mill cyclone is sampled each day. 

Combustible matter in the ashpit refuse is determined from a 5- 
gal sample collected from each furnace ashpit. This is taken 
dry when the ash is being cleaned out of the pit and the samples 
are transported to the laboratory in open containers. When 
cooled, the top layer of ash is discarded before the determination 
of combustible matter is made. 

The laboratory methods employed for proximate analyses of 
lignite samples are those stipulated in the A.S.M.E. Power Test 
Code. Total moisture and ash are determined daily on the 
crushed-lignite sample. From each daily air-dried sample, an 
equal amount is set aside in an airtight container. At the end 
of the week these samples are combined and riffled down into a 
single small composite sample. Upon these composite samples, 
proximate analyses and calorific determinations are made. 

Due to the finely divided nature of the pulverized lignite, 
total moisture is determined by placing a 1-g sample in the oven 
at 105 C for 1 hr. Sizing is determined after air-drying the 
sample by screening through a set of sieves placed in a mechani- 
cal agitator. The sieves for routine analyses include 20, 40, 80, 
and 200 mesh sizes. 

With fuel containing a percentage of moisture as large as lignite, 
the loss of a relatively small part of the total moisture will 
materially affect the results of analyses, particularly the heating 
value per pound as received, which is the important figure for 
determining efficiencies. There is a possibility of change of 
moisture in the main stream of lignite between the time it is 
weighed just before cars are dumped, in the sampling process, 
and in handling and transporting samples between sampler and 
laboratory. To check the accuracy of results obtained by our 
procedure, a number of different methods and variations in the 
established method have been tried in both warm-dry and cold- 
wet weather. The methods now followed have been found to 
give as accurate results as some which included quite elaborate 
precautions and we are confident that they give as accurate re- 
sults as can reasonably be expected. 
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The author states that generation costs in the power and 
light industry are well known, but that in the region of 
distribution systematic cost finding is especially inade- 
quate, and he asserts that adequate methods of cost 
finding are imperative to enable managements to effect 
savings, to meet successfully new conditions created by 
rate reductions, and to provide regulatory bodies with 
data essential for proper regulation. 

In a general manner the author discusses purposes and 
types of cost finding, power distribution as compared to 
manufacturing costs, and overhead, joint, differential, and 
deferred costs. He then attempts to show that ina public- 
service industry costs have a direct bearing on prices. 

A brief review of historical developments in the study of 
costs of electrical distribution, with reference to papers 
and reports by Reed, Pike, and the Power Authority of the 
State of New York, concludes the paper. 


that within 100 years education would become the passion 

of the race. One is tempted to make some such sweeping 
generalization about electricity. As individuals and engineers we 
thrill both to the elusive quality of electric energy and to the 
‘romance of its development. And to the mass of mankind 
struggling through the ages under drudgery’s heavy heel what an 
outlook is presented for release through electricity’s magic! It is 
easy to believe that the effort toward the realization of this 
promise may also become a passionate pilgrimage. 

Some such line of thought provides the basis for our desire to 
determine in engineering fashion all electrical costs and particu- 
larly power-distribution costs since they constitute the bulk of 
electrical service costs for the small consumer. 

Basically, the industry which produces and distributes elec- 
tricity for power and light has been a privileged industry. Be- 
cause it is “vested with a public interest” it occupies an area 
between public and private and is subject to regulation by 
public authority. Generally, each operating unit in a com- 
munity has been given a complete monopoly in vending a service 
essential to man. Of course, it has had to face the competition 
of private generation of power by industrial plants, but that is a 
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much less serious order of competition. All things considered, 
the industry has not been subject to those competitive pressures 
which have forced many fabricating industries to develop a 
high order of cost finding. The legal sanction to charge such a 
price as will give a fair net return on fair investment has made it 
unnecessary to consider precise cost finding an urgent matter 
and the industry has followed the line of least resistance. In- 
vestment, total costs, and net return can be obtained from general 
accounts; but these general accounts do not disclose whether 
certain investments are prudent and certain costs are economically 
incurred; and do not show whether the prices charged different 
classes of consumers, or the same class in different localities, are 
equitable. Furthermore, the legal sanction to charge a price that 
will give a fair rate of return on fair investment is an incentive 
for the ethically weaker managements to make the investment 
and the costs appear as large as possible. General accounts 
facilitate this procedure more than precise cost accounts. It 
is probable that many companies accumulate basic data con- 
cerning expenditures but do not record, classify, nor summate 
them for ready reference; and that a few companies in the in- 
dustry are on the way to developing methods of cost finding 
comparable to those found in competitive industry. However, 
perhaps chiefly in fear of more effective regulation, the methods 
and the resultant data of these companies have not been made 
known to the public. Really good cost finding cannot be de- 
veloped in secrecy. Generally, the outstanding efforts of the 
leaders of the industry have been devoted to corporate organiza- 
tion, financial promotion and management, and engineering 
achievements which include noteworthy continuity of service. 
Expert operating management, to which cost finding is indis- 
pensable, has been rare. 

For certain of the industry’s processes its cost-finding methods 
appear to be adequate. The costs of different types of generation 
are rather well known. Generation of electricity is a highly 
mechanized process in which investment costs dominate and the 
labor costs are relatively small. The product is accurately 
measured and is relatively simple—kilowatthours at the bus 
bar—and adequate cost accounting is almost a by-product of 
other essential records. For transmission, including subtrans- 
mission and distribution substations, the cost finding is nearly 
as adequate for essentially the same reasons, although the labor 
costs are relatively greater, and the labor and maintenance fac- 
tors of this out-of-door sector are more variable. As to both 
production and transmission, cost findings have usually neglected 
separation of increments ascribable to various classes of custo- 
mers. 

It is in the distribution area, i.e., from the point where con- 
ductors leave the local distribution substation (or a local power 
source such as a steam, hydro, or Diesel plant) to and including 
customers’ meters, that systematic cost finding is especially 
inadequate. By choosing this point of demarcation between 
transmission and distribution one avoids all the complications 
which inhere in any discussion of the current itself. Any desired 
assumptions about energy costs can be made and readily checked. 
The area of subtransmission is obviously excluded from the area 
of distribution. The process of distribution is complex, and for 
cost finding to be effective in this field its technique must be 
carefully applied. Complications in arriving at costs result 
from the many varying conditions under which energy is dis- 
tributed—variations in customer density and customer consump- 
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tion, variations in physical conditions, and variations in invest- 
ment, maintenance, and service. 

Because of the lack of adequate and properly classified ac- 
counting data that are publicly recorded, stockholders, regulatory 
agencies, and consumers who are interested in this matter of costs 
are compelled to attempt highly unsatisfactory methods of cost 
calculations. In the absence of adequate original unit break- 
downs, the interested parties are usually forced to the unsatis- 
factory device of attempting arbitrary allocations of unanalyzable 
general costs. The products of these calculations, unless made 
with meticulous care, are of questionable value either for de- 
termining the costs of a particular distribution area or as a basis 
for comparison of the costs of different areas or companies. 

It is a matter of common experience that when, by some com- 
mission or court order, a company is instructed to furnish cost 
data for some specific purpose, there is complaint that its pro- 
vision will require a considerable time and subject the company 
to much expense because of the diversion of accounts and clerks 
from routine duties. This in itself is indicative that the cost 
finding in the industry generally is inadequate even for its own 
managerial and rate-making purposes, and one may safely infer 
that costs are not ascertained any more frequently than compul- 
sion requires. 

Because approximately half of the nearly two billion dollars 
per year paid by consumers is to meet the cost of distributing 
electricity, it is important that efforts be made to develop an 
adequate system of cost finding for it. To enable managements 
to effect savings, to meet successfully new conditions created by 
rate reductions, and to provide regulatory bodies with data 
essential for proper regulation, adequate methods of cost finding 
are imperative. Their cost will be amply repaid. The public 
nature of the industry should lead it to make these comprehen- 
sive, precise cost data a matter of public record. 


PuRPOSES AND Types OF Cost FINDING 


There are usually two major purposes in the use of cost finding. 
First it serves as a tool for improvement of management and 
maintenance of most effective management; and second, it 
serves as one guide to pricing policies. 

As a tool for establishment and maintenance of most effective 
management, costs must be current and related to unit operations 
if they are to serve as a proper basis for securing reduced operat- 
ing costs. They must be in terms of unit processes, functions, 
products, and areas of executive responsibility in order to be 
used effectively. Undifferentiated costs are of little help to 
management; they may indicate that something is wrong but 
they do not serve to identify it. Generally, cost accounting in the 
industry today is unrelated to engineering management because 
determinations are not made in proper categories, and are not 
made promptly enough. 

Relative to pricing policies, generally the costs of an enterprise 
in a competitive industry do not determine its selling prices. 
These are determined by the play of forces in the competitive 
market. A particular company’s costs tell the company only 
whether it can meet the market’s price, and confront it with the 
problem of what action to take if it cannot meet that price. 

Because public utilities have been given a monopoly and are 
thereby freed from the price-determining forces of competition, 
the consuming public is insisting that public regulation act as a 
curb on prices. Regulatory bodies in turn are seeking a close 
relation between costs and prices, and are less tolerant with in- 
efficient managements whose costs are out of control. These 
tendencies have been strengthened as a result of comparative 
rate studies recently published by the federal government. 

There are several types of costs, each of which is the best 
obtainable under particular conditions, and all of which for 


managerial purposes are likely to be sought in such a complicated 
enterprise as the distribution of electricity. These are operation 
costs—the cost of performing a particular recurrent operation, 
such as in the automobile industry of machining a particular 
type of bearing; job costs—the cost of doing a particular job 
consisting of a combination of operations, such as the completion 
of a particular model of cylinder block; and process costs—the 
lot cost of conducting a particular continuous process, such as 
making screws in a quasiautomatic machine. Any of these may 
be identified as actual costs—the recorded cost of each separate 
operation or job or process lot reflecting its circumstantial 
conditions. Also, any of these may be identified as standard 
costs not average costs, but costs of operations, jobs, or process 
lots under conditions specified as standard because proved to be 
most effective and economical. Because costs derived under 
controlled conditions tend to remain fairly constant, the system of 
standard costs is coming into vogue as more economical than 
ascertaining the actual cost of each separate operation increment, 
job, or process lot. 

Broadly speaking, there are (0 methods of cost finding: 
First, by continuous routine, through which representative and 
eomparable cost data are taken off the books at regular intervals; 
and, second, by special studies, through which certain items of 
cost for certain periods of time under prescribed conditions are 
determined. The first of these is the more dependable and -ac- 
ceptable method; under it each unit item of expense is analyzed 
and completely allocated for cost-finding purposes at the time 
it is made, when the situation generating the cost is fresh in mind 
and it is isolated. The allocations of the unit cost are at the time 
balanced and verified, and proof had that no fraction is unac- 
counted for. Special studies, on the other hand, are always 
suspect because of the difficult and necessarily arbitrary procedure 
of analyzing, separating, and allocating pertinent expense data 
of some past period which have become intermingled with other 
expense data. 

The relations between cost accounting and the operating organi- 
zation are critical. In order to procure original expense records 
through which proper allocations can be made to operations, 
jobs, processes, products, properties, localities, and administra- 
tive responsibilities, the organization for operations must be 
functionally sound, and the instructions for operations, jobs, 
and processes must be clear and complete to furnish the basis 
for accurate allocations. In bringing about this sound organi- 
zation required for cost accounting the level of management will 
be raised. 

Finally, attention should be called to the fact that in the fore- 
going discussion the reference has been primarily to paid-out 
expenditures and costs, such as the cost of property, materials, 
and labor. There are also intangible costs to be accounted for— 
particularly depreciation and obsolescence. These have to be 
treated with judgment in any case, but we can anticipate sounder 
judgment when precise data concerning paid-out expenses and 
precise allocations of original expense units are made. Also, 
there are certain paid-out costs, such as general administrative 
expenses, which, although each item of expense can be allocated 
in terms of administrative functions at the time it is incurred, 
must as a group be distributed to the costs of properties, prod- 
ucts, and services. Here again judgment must be employed, 
and improved judgment may be expected if all unit expenditures 
have been precisely recorded and allocated at the time they are 
incurred. 


Costs 


As has been indicated, cost finding in the fields of generation 
and transmission is believed to be reasonably adequate, but in 
the field of distribution it is far from adequate. 
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Looked at asa whole, the process of distribution not only appears 
to be, but 7s complicated. [t involves extensive areas diversified 
aus to topography and other physical characteristics; differing 
densities of population; underground and overhead line con- 
struction; and dissimilar uses of current, such as industrial, 
commercial, transportation, street lighting, and domestic. The 
operating functions are numerous-—construction, maintenance, 
inspection, testing, servicing the customers, meter reading, billing 
and collecting, promotion, and other items. Looked at as a 
whole, it ts complicated, and its complexity offers a challenge 
that cost finding can meet. Almost any large fabricating in- 
dustry is complicated, as is the building of an Empire State 
Building or « Boulder Dam. So also is the construction of a 
disappearing gun carriage with its 5000 odd parts; 
recorded case 


and—-a 
the manufacture of caterpillar tractors involv- 
ing over « period of nearly two years some 2,000,000 separate 
component operations, each of which was scheduled six months 
in advance and executed with unvarying precision. And it has 
been tasks like these where cost finding has helped to slash 
costs! 

In the field of energy distribution we must learn, as we have 
in manufacturing and construction, to divide a complicated 
whole into logical component parts and apply cost finding to 
help solve its problems. Already the industry recognizes a 
distinction between generation, transmission, and distribution. 
In this paper we distinguish between the receiving substation, 
subtransmission, and the distribution substation. Within the 
field of distribution we may wisely distinguish between pri- 
mary lines and secondary lines, and even between different 
primary lines and different. secondary lines. If we consider each 
as an entity conducting its own business and delivering its 
product to another, we have a cost-accounting situation that is 
simple relative to the situation presented when we look at the 
whole of distribution. Let us, for managerial purposes, think 
in terms of functions and of circuits rather than of the distribu- 
tion system as an undifferentiated whole. 

Given circuits as integral components, there could then be an 
accounting for each significant circuit; the cost of its raw 
material, i.e., current delivered from the preceding circuit; 
the property and construction costs of the circuit and its valu- 
ation; the maintenance costs on it; its line losses; its particular 
depreciation and obsolescence charges under its individual condi- 
tions; its operating costs; its supervision costs; its share of 
taxes, general administrative expense, and other overhead; and 
the cost of its end product delivered to the next cireuit or to the 
customer. 

Such cost accounting would give a basis for recording pre- 
cisely changes in property; for judging the efficiency of manage- 
ment; and for comparison of the efficiency and costs of circuits 
of the same type within a given company or among various 
companies. Futile comparison of the costs of entire distribution 
systems of different companies could be abandoned. Cost 
accounting and cost comparisons would promote standardization 
of best facilities and methods cost keeping and such standardiz- 
ing go together, and standardizing lowers costs. 


SomE Aspects OF TECHNIQUE 


Cost finding could and should be more precise than is now 
customary in the industry. While it would initially be more 
expensive than those sketchy methods which at present pass for 
cost accounting, it would pay for itself by revelations of oppor- 
tunities for more economical management. This matter of com- 
paring before and after is illusory. Men ate and lived before 
proteins, carbohydrates, vitamins, and other items of the ‘“ac- 
counting” of dietetics were understood. But now they eat 
differently and think differently about what and how to eat, 
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and health is improved. Much more precise cost accounting is 
due from the industry and is being forced upon it by the inexora- 
ble pressure of events. 

With respect to some recurring operations, the cost system 
would keep operation costs—unit-operation costs. In_ this 
category would be digging different types of holes, setting poles, 
backfilling and tamping, guying, attaching rack, cable pulling, 
cable splicing, tying conductors, installing transformers, lightning 
arresters and fuse cutouts, grounding, and so on. To the engi- 
neers, standard unit-operation cost records of this kind, once 
determined and periodically checked, would permit more precise 
layout of jobs and estimation of costs, and would permit con- 
tinuous fruitful efforts to improve management and effect econ- 
omies. Well-kept costs of this type are now maintained by some 
companies- made necessary for estimating for contracts. 

Cost accounting of this order would not necessarily, as is 
sometimes alleged in the industry, make accountants of field 
men. Foremen would undoubtedly have to be of a high quality. 
understanding of standards and not disposed to be each a law 
unto himself. But the new agency required would have to be an 
adaptation of the factory planning room. Allocation should be 
an engineering-accounting function, in many instances simul- 
taneous with planning and laying out work prior to its actual 
execution. The work orders should be accounting papers. Field 
forces can note what has been done so that the cost unit in the 
engineering-planning unit can make the allocations. If work is 
so planned and laid out in work orders as to be identifiable, it is 
accountable, and it is surprising how little additional ‘book- 
keeping” is required. 

With respect to some operations, job costs would be essential 
and practicable, as, for instance, the exact cost of any construc- 
tion or maintenance job. These costs would make possible ac- 
curate general-ledger accounts of property. Both operation and 
job costing have already been highly developed by the leading 
construction companies. They have been foreed to it because 
of the competitive necessity of computing bids closely—low 
enough to establish probability of securing a contract, high enough 
to establish probability of making a profit. 

To some processes the principle of process costing would be 
applied, for some operations are fairly repetitive and con- 
tinuous. For some operations workers can be routed from unit 
to unit in such a way that the whole operation may be regarded 
as a continuous process. Among the following are likely to be 
found several processes which can be considered of this class: 
Meter reading; periodic testing of meters; miscellaneous ap- 
paratus testing; painting; billing, accounting, and other clerical 
work. Where it is desired, analysis of the costs already distrib- 
uted will segregate those related to productive capacity, those 
related to unused necessary capacity, and those related to ex- 
cessive capacity. Many significant analyses will be possible 
as a result of more effective cost accounting. 

Ultimately, as a successful technique of cost finding is estab- 
lished —the illustrations given are suggestive only and not the 
result of detailed experiments—accurate cost analysis of most 
operations will be possible and the way to many operating econ- 
omies will be indicated. 


OVERHEAD, JOINT, DIFFERENTIAL, AND DEFERRED Costs 


With such accounting as is here suggested the problem of 
allocating overhead becomes simplified. Original unit expendi- 
tures are handled in detail, and the residual overhead for general 
distribution is greatly reduced. The outstanding difficulty of 
most present efforts at distribution cost accounting is that the 
enterprise is considered as an indivisible whole; costs are not 
allocated by units at the time they are incurred and later are 
irrationally distributed over products or classes of service with 
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confusing results. The expenditures that are really overhead, 
nondistributable in the sense that allocations cannot be made at 
the time of the expenditures, are much more limited than the 
expenditures which are distributable. The residual overhead 
can then be handled rationally. It can be analyzed, if desired, 
with especial attention to the difference between overhead as a 
function of use of productive capacity, overhead as a function of 
unused necessary capacity, and overhead as a function of exces- 
sive capacity. 

With proper cost finding, distribution of overhead attributable 
to a given circuit or other given portion of the distribution system 
is relatively simple. When expenditures are themselves defi- 
nitely shown to be related to a given circuit proper allocation is 
an easy matter. 

Likewise, with respect to joint costs, of which distribution 
has many, there is no immutable law governing their allocation. 
Judgment must be used and if allocations of each unit expenditure 
are properly made at the time of the expenditure, it will be 
easier to secure sound judgments. If, for example, poles are 
placed along a road to carry lines of more than one circuit, or 
of more than one company, at the time of construction rational 
allocations can be obtained. When the situation changes rational 
changes in allocations should be effected immediately. In this 
matter of joint costs, changing conditions require occasional but 
not frequent reanalysis for which records are invaluable. The 
allocation of joint costs in operation and maintenance is conceded 
to be much more difficult than in construction. 

With respect to differential, or incremental costs, it may be 
said that appropriate cost accounting would make possible cost 
finding that could determine with unusual precision what the 
costs of separate increments are and their influence on costs of 
the entire volume to which an increment may be added. This 
is true not only of quantitative aspects of increments but also of 
qualitative aspects such as different customer densities and levels 
of customer consumption. Such a system of continuous cost 
accounting is precedent to any sound computation of differential 
costs. What is here stated concerning differential costs is true of 
deferred costs, such as deferred maintenance. The more precise 
the accounting, the sounder will be the judgments and decisions. 


Costs AND PRICES 


Earlier in this paper reference was made to the relation in a 
competitive industry of costs and pricing policies, and this rela- 
tion was compared with that prevailing between cost and pricing 
policy in the public-utility industry. 

In an essentially monopolistic, public-service industry, costs 
have a direct bearing on prices. There are two opposing forces: 
The desire of the industry to make as generous profits as possible— 
the outer limit to profit being set by regulation—and the desire 
of consumers to get power and light as cheaply as possible in a 
system of equitable, balanced rates. Neither industry nor con- 
sumers have a competitively established market price as a base 
of reference. The establishment of such a base would be to 
the advantage of the industry, for if the pressure of the consumer 
is applied blindly in the absence of any base of reference, it may 
ultimately eliminate the profit margin. The industry needs 
precise cost finding for two reasons: Careful analysis of costs 
honestly incurred by an efficient management will help fend off 
demands for unreasonable rate reductions. Furthermore, the 
industry is finding it necessary to make intensive efforts to reduce 
costs to a minimum in order to maintain profits. Efforts must 
be centered on distribution costs and only by means of effective 
cost finding can the maximum economies be achieved. 

The use of costs as a base of reference does not mean that every, 
or any, price in a rate structure would have to be a cost-plus 
price, but it is probable that the relation between costs and bene- 


fits can be so established as to make possible class or group rates 
which would be accepted as equitable. Informed judgment 
would be used to determine prices, in the making of which loads, 
idle capacity, peaks, and so on, would be taken into consideration 
after study of pertinent cost findings. Theoretically, if carried 
to a ridiculous degree of expensive detail cost accounting could 
show a different cost for every different kilowatthour of power 
delivered to every different consumer at every different hour 
of every different day. No one entertains thoughts of a system 
which represents even the nth root of such ridiculousness, and 
for rate-making purposes cost accounting could be less detailed 
than that required for the most effective management. Cost 
data could be used to test rate structures and levels to ascertain 
whether they were rational and equitable. People feel no sense 
of injustice because grocers make more profit per dollar turnover 
on caviar than on butter or sugar, for they understand sufficiently 
the general bearing of the cost factors involved. So might it be 
in the power industry if they could present in court and commis- 
sion hearings differentiated cost data instead of generally un- 
intelligible altercations concerning the allocation of a great mass 
of undifferentiated data. 

In view of a trend toward a public policy of maintaining strate- 
gically located public power enterprises to serve as “‘yardsticks,”’ 
the promotion by the private power industry of the very highest 
order of cost finding and of detailed accounting records open to 
the public is imperative. Uniformity and progress would be 
promoted and the value of the data increased by establishment 
of a central agency for the development of uniform accounting 
procedure. It is imperative that the industry replace confusing 
data with orderly data, because the public is becoming impatient 
with generalities, such as are exemplified by common assertions 
concerning the overall significance of taxes as an element of cost. 
It must for its own salvation discover the elements in management 
where economies may be realized, to meet such lower costs as may 
be convincingly recorded by public enterprises. 


Historica DEVELOPMENTS 


Without doubt cost-finding methods for electrical distribution, 
somewhat after the order of those recommended in the foregoing 
discussion, have been under consideration by engineers since 
about 1910. About that time, the Penn Central Electric Light 
& Power Company, operating in a territory extending for about 
two hundred miles and centering in Altoona, Pa., adopted com- 
parable methods. This work was introduced under the presidency 
of Charles Day, of revered memory, who had for his mentor 
our distinguished past-president Frederick W. Taylor. These 
practices were described before the Taylor Society in some detail 
by Hudson W. Reed, now assistant to the president of the United 
Gas Improvement Company, in 1929.* It is unfortunate both 
for the industry and the public that, so far as the record shows, 
the techniques described have not advanced materially since 
then. 

It is a fact worth recalling that Mr. Day in his own thinking 
about 1915 referred to the cost of distribution as “three times 
the cost of power.” As matters have developed, this was 4 
sage observation. It is interesting also as showing the almost 
unbelievable lack of definition which, in the industry’s thinking, 
has continued practically up to the present time. 

At this point it is necessary to distinguish again between 
costs which come “‘off the books’’ of the character which we have 
been advocating as the only real satisfactory solution of the cost 
problem, and “cost studies” or occasional cost determinations 


2In 1916 Charles Day himself gave an impressive description 
supplemented by lantern slides at a meeting of the Taylor Society 
at the University of Michigan at Ann Arbor, but he never wrote it 
down for publication—a great loss. 
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which are made on occasion from the best available data but 
admittedly lacking precision and some measure of authority. 

As a matter of fact, we cannot under present conditions be 
enthusiastic over the possibilities of making any very satisfactory 
statement as to actual power-distribution costs. This results 
not only because of the virtual absence of cost-finding techniques, 
but because the basic accounting procedures are really not such 
as to make even cost studies easy. In fact, to meet this ac- 
counting situation, it was necessary for Mr. Day to keep virtually 
three sets of books, recording the same unit data but in each 
classifying and summating them in a particular manner—one 
for ordinary business and banking purposes, another to meet the 
requirements of the Pennsylvania Public Service Commission, 
and the third for managerial purposes, not the least important 
element in which was cost finding. 


APPROXIMATIONS THROUGH Cost StuDIEs 


In order to justify any such general treatment of such an 
obviously engineering matter as is here being attempted, one 
must recall that cost determinations have hardly ever been sought 
even in regulatory procedures before public-service commissions. 
Almost without exception the practice in rate regulation has 
been limited to control of total net income while the companies 
have been permitted to vary the rate of profit among the several 
classes of service. In the relatively few instances where the 
effort has been made to determine net for a single class of service, 
such as domestic, the purveyor company has still been allowed to 
fix rates for various types of service within the classification 
without establishing costs. 

In drafting “What Price Electricity?” (4)? in 1928, there was 
an effort to make some general statement in regard to the cost 
of distribution, based on all the facts then available. At the 
last moment some eighteen pages of manuscript were boiled 
down into a single paragraph saying that the cost of distribution 
was not above 3 cents per kwhr. In a 1929 publication, “On 
the Cost of Distribution” (3), reasonably sound methods were 
developed by which this general picture of costs was more 
accurately determined. These were related to specific companies, 
and established largely on the basis of reports of these companies 
to the respective public-service commissions. The line of 
argument, however, though wholly logical, was quite involved 
and remained unconvincing not only to laymen, but to engineers 
without experience in this field. 

In January, 1933, at the Institute of Public Engineering held 
under the auspices of the Power Authority of the State of New 
York, Clayton W. Pike (14), carried these studies considerably 
further, using the reports made to the New York Public Service 
Commission by a group of the operating utilities of that state. 
Major Pike utilized his wholly unique education, training, ex- 
perience, and point of view in interpreting and supplementing 
the data furnished. This presentation really inaugurated reason- 
ably fruitful distribution “cost studies.” It gave to cost studies 
in this field more validity as means of getting dependable broad 
pictures. The author of that study was firmly established as a 
competent authority by the notable work he did in Philadelphia, 
after graduating from the Massachusetts Institute of Technology, 
in initiating an estimating technique for electrical contracting. 
As chief of the electrical bureau of that city under Mayor 
Blankenburg, he not only had direct supervision of the city-owned 
underground and overhead wires, but he was also the principal 
engineering witness for the public interest in the first electrical- 
rate case conducted before the Pennsylvania Public Service 
Commission. This was only the beginning of a long series of 
electrical-rate cases in which he was the leading engineering parti- 
cipant. Later, for the City of Baltimore, he conducted a thorough- 


* Numbers in parentheses refer to Bibliography at end of paper. 
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going analysis of the city-owned underground ducts—including 
construction and operating costs. 

Major Pike’s conclusion in the paper referred to was that for 
the average residence customer in New York State the distribu- 
tion cost was $13 per year, or 2.36 cents per kwhr for average 
annual consumptions of 550 kwhr. He found the average length 
of distribution wire per average residence customer to be about 
500 ft, a length accounted for largely by the fact that the study 
included rural as well as urban customers. A later check-up 
by Major Pike showed the average length in a closely built-up 
section of Philadelphia to be 92 ft, and the normal length per 
average residence customer—small town as well as large city— 
to be close to 300 ft. All such averaged observations, of course, 
are to be considered as subject to later revision and more precise 
determinations such as are not possible today under existing 
conditions. 

An even more comprehensive study on distribution costs 
is a “Report on Cost of Distribution of Electricity,” by the 
Power Authority of the State of New York made in 1934, in 
which Major Pike’s conclusions were amplified through studies 
made in representative urban localities both within and without 
New York State. Especially in the case of the municipal-plant 
studies, these data were quite convincing because of the wide- 
open opportunity afforded not only to get the basic current data, 
but to relate them to the historical development of the several 
plants. This study represents such an important contribution 
to the subject that its conclusions merit a brief summary. 

Some twenty engineers, accountants, and economists co- 
operated in the planning and execution of the survey. Studies 
were made of the cost of distributing electricity in twelve com- 
munities in states other than New York State, in fifteen com- 
munities in New York State outside of the metropolitan area, in 
suburban White Plains and in New York City. 

This survey pointed to many findings and conclusions. Those 
bearing importantly on the subject of this paper were: 


(a) The reasonable cost of distributing electricity to homes 
with an average annual consumption of 600 kwhr does not 
exceed 2!/, cents per kwhr. 

(b) The decrease in cost per unit of energy is the truly signifi- 
cant figure. The cost of distribution per kwhr, decreased from 
2.5 cents for an average consumption of 600 kwhr to approxi- 
mately 1.7 cents for an average annual consumption of 1200 
kwhr, 1.1 cents for an average use of 2400 kwhr and 0.7 cent 
for an average use of 4800 kwhr per year. 

(c) Variations in distribution costs, as between different 
municipalities, proves to be much less than commonly under- 
stood. 


Under a resolution of the United States Senate, the Federal 
Power Commission has for some time past been carrying on in- 
vestigations in this field, and its conclusions should be of great 
interest. This subject takes on added interest from two recent 
pieces of federal legislation. In the act setting up the Federal 
Coordinator of Transportation,‘ that official is instructed to in- 
vestigate methods for railroad cost finding, and in the so-called 
Holding Company Act,' passed at the recent session of the 
Congress, the Federal Power Commission was authorized to re- 
quire cost-accounting procedures for the electrical properties to 
be regulated. 

The purpose of this paper through the introduction, the dis- 
cussion of the techniques of cost finding seemingly appropriate 


to this field, and these concluding historical paragraphs has 
been twofold: 


(a) To indicate the nature of a technique of cost finding which 


4 See Emergency Railroad Transportation Act, 1933. 
5 See Public Utility Act of 1935, title II, part III. 
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trends are making imperative for the electrical industry—a 
technique that will permit taking off the books at any time 
distribution costs of particular companies, particular sectors of 
a company, particular functions, particular services, etc. 

(b) To indicate that in lieu of the above technique there has 
been developed—largely by those outside the industry—a 
technique of oecasional distribution-costs studies, progressively 
improved in reliability, which permits dependable broad generali- 
zations. 

In view of the splendid comparable data on the cost of generat- 
ing electricity available today, one is apt to forget that at one 
time these cost figures were as chaotic as those prevailing now in 
distribution. Curiously enough, there is almost no effort today to 
compare the cost records as to distribution of two properties 
even when these properties are under the same ownership and 
management. 
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The author approaches the subject of distribution costs 
from the standpoint of what is actually being done with 
every item of the distribution cost in the case of one 
specific company. He shows the actual method used by 
that company in creating standards for the different 
elements of distribution costs, the application to the 
various products manufactured by that company, and 
the method used in applying such costs to the different 
territories. 


OST of the papers published on the subject of distribution 
costs begin with the same statement, viz., ‘“The matter 
of distribution costs has been sadly neglected, whereas 

factory costs have been studied from every conceivable angle.” 
That is very true but, as an illustration of the importance of 
this subject, the Association of National Advertisers, with the 
cooperation of the National Association of Cost Accountants, 
recently published a 109-page report, the foreword of which was 
as follows: 

“For some years past intensive efforts have been put forth 
by manufacturing organizations in the United States to reduce 
costs. The greater part of these efforts have been directed toward 
the manufacturing or production end of business and real progress 
has been made in that direction. 

“Distribution costs, on the other hand, have more recently 
come under the scrutiny of business management, and today 
an increasing number of manufacturers are devoting careful 
thought and study to ways and means of lowering the cost of 
distribution. No greater need exists for manufacturers at the 
present time perhaps than a reduction in the cost of selling and 
distribution.” 

The opportunity for research and saving in distribution costs 
is much greater today than are the opportunities in the realm of 
factory overhead. Whether it is better to sell by direct salesmen, 
missionary men working with jobbers, or by mail order—the 
extent of the advertising program—are questions which are all 
vital to the business under consideration. Depression years may 
make such inroads into sales that the distribution in many outly- 
ing territories will reach such proportions that it may be better 
to discontinue selling effort therein. Management will look to 
the accountant for the arithmetical facts upon which such all- 
important decisions will be made. In many instances the account- 


‘ Vice-President, Controller and Director, Waitt and Bond, Inc., 
Congress Cigar Company, and Porto Rican American Tobacco Com- 
pany. Mr. Knapp was graduated from the Melrose, Mass., high 
school in 1904 and for the next five years was employed by various 
manufacturers of loose-leaf system supplies. In March, 1909, he 
joined the special service department of the Library Bureau and 
later became a partner in Cutter, Fletcher and Company, account- 
ants. In 1912 he left the public-accountant field and became ac- 
countant for Waitt and Bond, Inc., which organization he served 
until 1916 when he went with the Bassick Company, Bridgeport, 
Conn. In the early part of 1918 he returned to Waitt and Bond, 
Inc., as secretary. 

Contributed by the Management Division and presented at the 
Annual Meeting of THe AMERICAN Society oF MECHANICAL ENGI- 
NEERS, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1936, for publication at alater date. Discussion 
received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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ant is in a better position to understand all the factors involved 
than management itself. Certainly, the increased business 
necessary to warrant an extra advertising campaign or the effect 
on both factory and distribution costs of partial abandonment of 
current territory is a language that is peculiarly our own. The 
point the author wishes to make is that the accountant, to be 
worthy of the name, must be someone more than a person who 
records history, and must know what the results will be if this or 
that course is the one to be pursued. 

It is well known how the National Recovery Act emphasized 
the importance of a knowledge of costs. A great deal was said 
about uniform costs for an industry as well as a prohibition against 
selling below cost. The author was particularly interested in one 
angle of the “selling-below-cost’”’ feature. Code instructions, 
with respect to the basis of factory-overhead computation, were 
most complete, as for instance, in one case where normal capacity 
was considered to be the average production of the plant for the 
past five years, whereas in no instance did the author notice 
any attempt to regulate what might be termed as normal business 
with respect to applying distribution expense. In the author’s 
opinion, it is just as unfair to increase distribution costs per unit 
on account of depression business as it is to increase factory costs 
on account of excessive plant idle capacity. Many of the elements 
of distribution expense, such as advertising, salesmen’s salaries, 
selling executive, bear a greatly increased unit cost when sales 
are ata minimum. The author believes it fully as justifiable to 
consider distribution expense cost based upon normal sales ac- 
tivity as it is to compute factory overhead on the basis of normal 
factory capacity. 

Distribution cost is a most important factor in almost every 
type of business endeavor; whether retailing, jobbing, or manu- 
facturing. The dollar used by the ultimate consumer in making 
his purchases is a totally different one from the one manu- 
facturers use in their computations. It is cut down to perhaps 
75 cents when considered from the jobber’s point of view, and 
perhaps 60 cents when reduced to the manufacturer’s stand- 
point, or expressed inversely, the manufacturer’s sales dollar 
becomes $1.25 to the jobber and $1.666 to the retailer. These 
comparisons will, quite naturally, change with the nature of the 
business. In 1931 the distribution cost in the drugs and toilet- 
articles manufacturing business was 38.8 per cent of the net 
sales. Some of these products are sold to jobbers who sell to 
retailers, who in turn sell to the ultimate consumer. Assume a 
jobber’s gross profit of 15 per cent, out of which he has to pay all 

expenses of doing business and make a net profit, and assume a 
retailer’s gross profit of 25 per cent, out of which he has to pay 
all expenses and make a profit. Based on the distribution cost 
of 38.8 per cent, if a manufacturer wishes a profit of 5 per cent 
on net sales, a toilet article with a manufacturing cost of $1.00 
becomes a sales dollar of $1.78 to the manufacturer, a sales dollar 
of approximately $2.10 to the jobber, and a consumer sales dollar 
of $2.80. Think of it—-an increase from a manufacturing cost 
of $1.00 to a purchase price by the consumer of $2.80, and the 
manufacturer has made only a 5 per cent net profit while the 
jobber and the retailer are having a difficult time in making any 
profit at all. One then says that the cost for distributing the 
product is too high. Very probably, but the drug manufacturer’s 
advertising and salesmen’s expense alone were 30 per cent of his 
net sales but, if he didn’t advertise his product, the consumer 
wouldn’t know of it, and the jobber wouldn’t carry it. There are 
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two sides to every story. It must be admitted that advertising 
has been a tremendous force in the growth of our national in- 
dustries. It has trebled and quadrupled the sales in many in- 
stances and, by so doing, has greatly reduced manufacturing cost 
through greatly increased volume. Let us not forget, therefore, 
that, although the cost of distribution has greatly increased 
through larger advertising and promotional expense, there has 
been, until recently, a greatly reduced manufacturing overhead 
through increased production. The trouble has been that we 
have permitted ourselves to become geared up to a productive 
capacity that a depression cannot support. 

During the distressing times such as we have been experiencing 
the manufacturer feels that he should advertise as much as ever 
to get what business there is and he cuts his sales prices even 
more than his decreased cost of raw material will warrant, in 
order to prevent factory idle capacity. Jobbers begin to cut 
prices in a wild attempt to get the other jobber’s business. The 
large retailers reduce prices below a point which gives them 
sufficient margin to cover store expenses in order to increase 
unit sales. The little retailer feels he has to meet the price or 
lose his business, and in too many cases he is in a position where 
he has no alternative but to lose his business either to his cut- 
price competitor or in the bankruptcy courts. If distribution 
costs of manufacturer, jobber, and retailer are so great that an 
article, the manufacturing cost of which is $1.00, must sell to 
the consumer at $2.80, why cannot a great deal of this cost be 
saved if the manufacturer sells directly to the consumer, or at 
least with the elimination of the jobber? In some instances this 
may be done, but many a manufacturer has tried it, and great 
indeed has been the resultant trouble for the manufacturer. 
In any event, a better knowledge of distribution costs on the 
part of the manufacturer, jobber, and retailer would have 
curtailed many of the evils that have crowded the last few years 
of manufacturing and marketing. 

The author is of the opinion that too many of the papers 
written and talks given on the subject of distribution costs treat 
with the theories involved rather than the practical working out 
of the problem. We read how selling prices must be computed, 
giving due recognition to all of the elements of cost, as well as 
how necessary it is that a salesman’s time be accounted for with 
respect to the time and effort applied to the various products 
he is marketing, and in general get advice as to the various fac- 
tors to consider in studying this subject. It is quite necessary to 
understand the theories involved and some excellent papers have 
been written along these lines, but the author believes it will 
also be worth while to approach the subject from the standpoint 
of what is actually being done with every item of distribution cost 
in the case of a specific company. It is the author’s intention 
to show the actual method used by Waitt and Bond, Inc., in 
creating standards for the different elements of distribution costs, 
the application to the various shapes in arriving at the final 
cost of Blackstone cigars and the method used in applying 
such costs to the different territories. 

There are varying opinions as to what constitutes distribution 
costs. Those held by Waitt and Bond, Inc., are practically the 
same as those outlined by the Association of National Advertisers, 
and therefore the author will apply in this paper the classifica- 
tion used by the Association of National Advertisers since it is 
probably better to base a discussion of such a subject on a classi- 
fication pertinent to a large number of industries. The classifi- 
cation is as follows: (1) direct-selling costs, (2) advertising and 
sales promotion, (3) transportation, (4) warehousing and stor- 
age, (5) credit and collection expenses, (6) financial expenses, 
and (7) general administrative expenses. It is intended that this 
classification constitute all of the expenses of the business that 
are not included in manufacturing costs. 
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Although the author has used sales dollar in the following 
illustration of distribution costs, he does not wish to create the 
impression that all classifications should be computed in this man- 
ner. Different bases are used in applying the cost of the various 
classifications to the product; some are more equitably applied 
on the net sales dollar, some on the weight of the product, some 
on a unit plan, and some on a purely arbitrary basis. Of course, 
conditions applying to one kind of business will necessarily 
be different in another, causing a different method of application. 
In addition to computing standards and costs for the various 
products manufactured by Waitt and Bond, Inc., the cost of 
distribution expense is also recorded against their various dis- 
tributors and territories. For instance, there will be a certain 
advertising cost per thousand for the Blackstone Londres but, 
in computing the advertising cost of the business done by their 
Boston distributor, no consideration is paid to per thousand 
cost, but the cost of advertising in that sector is charged against 
the business of that sector. Later on, this feature will be dis- 
cussed in greater detail. 

In the creation of standards, it is necessary to work from a 
forecast of performance. In effecting factory standard costs, the 
element of production, whether based upon sales forecast or 
factory normal capacity, is used as the basis of computation. 
In computing standards for distribution costs, the sales forecast 
is the basis of the computation. Certain exceptions might be 
made to this statement during periods of great depression. The 
author will comment upon this point later in the paper. To save 
time, the method of obtaining sales forecasts will not be touched 
upon, but the author will assume that satisfactory figures have 
been given, determining sales expectancy for the 12-montb period 
just ahead. We will take each item of distribution cost and en- 
deavor to indicate as to how Waitt and Bond, Inc, establishes 
its standard cost and its actual cost, both as to the product 
and the customer. The allocation of costs to the various dis- 
tributors is not tied into the accounting, but of course the totals 
of all items recorded on distributors’ records must agree with 
the accounting totals, so that a listing of net profits on the sta- 
tistical accounts of the various customers must agree with the 
net profits as indicated on the statement of earnings. 


Direct Costs 


Direct selling costs may be divided into (a) salesmen’s salaries, 
bonuses, and commissions; (b) traveling expenses, including 
salesmen’s automobile expenses; (c) sales office expenses, in- 
cluding office salaries in sales departments, office supplies, 
telephone, telegraph, rent, postage, and other items for related 
sales service, sales adjustment, or installation departments; and 
(d) all other direct selling costs. 

A great deal of difficulty is encountered in formulating the most 
equitable plan of applying to the product the various expenses 
coming under this classification. Obviously, the ideal way is 
to base the application of expense on the effort exerted on the 
different items or groups of items in the line. In some businesses 
it is possible, through a study of salesmen’s reports, to reach a 
basis for equitable application. In our own instance, which is 
simplified because our men sell nothing except cigars, we believe 
the net-sales dollar the most desirable basis for cost computation 
of direct selling costs. There is more sales resistance to the cigaT 
which sells for two for 25 cents than there is to the five-cent cigar, 
and as our salesmen usually have to work harder and longer to 
sell a thousand of the higher pri¢ed product, it is only fair that 
it should be assessed at a higher figure. As nearly as we can 
estimate, the difference in selling price is a fair measure of the 
difference in selling effort. This is indicated by Table 1. 

The forecasted net-sales dollars for the year are divided into 
the forecasted direct selling costs, obtaining thereby a eost per 
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TABLE 1 DIRECT SELLING COSTS@ 
Cost per net-sales 
— Sales dollar -—Direct selling costs— dollar ~ 
Forecast Actual Forecast ctual Standard Actual 
January. . 790,925 $759,815 44,000 $43,750 0.0556 .0580 
February Pree 740,165 731,935 44,000 43,200 0.0594 0.0590 
Cost up to 4 if: See 1,531,090 1,491,750 ,000 86,950 0.0575 0.0583 
| ; 802,750 45,000 45,600 0.0561 0.0561 
Cost up to April 1. oe er 2,333,840 2,305,150 133,000 132,550 0.0570 0.0575 
Intervening months, April to December 
December............ es 1,318,920 1,286,680 48,000 49,000 0.0379 0.0381 
Cost to Dec. 31, 1935........... 11,424,000 10,895,200 542,640 549,411 0.0475 0.0504 


* Costs used in this table are hypothetical. 


TABLE 2 


1935 appropriation........ 
Specific charges: 
Perfecto........ 


Appropriation, not specific: 
For use of firm name, 10% 
For use of Blackstone name, 30% 


Londres 
1935 forecast, units of 1000 cigars......... 120,000 
not specific: 

Use of firm name at 30¢ per 1000...... . $36,000 
Use of brand name at $1.20 per 1000.. 144,000 
For mention or illustration of shape at 

$2.50 per 1000 300,000 

Advertising standard, cost per 1000..... $4.00 


* Values used in this table are hypothetical. 
Computation of nonspecific appropriation charges: 
For use of firm name: 


For Blackstone shapes aie or illustrated, 60%. 


ADVERTISING FORECAST? 


Blackstone 

Perfecto Junior Totem Hoffmanella Total 
24,000 6,000 40,000 10,000 200,000 
$7,500 ane $140,000 $2,500 $150,000 
7,200 1,800 12,000 3,000 60,000 
26,500 7,200 = 180,000 
103,500 9,000 152,000 5,500 750,000 
$4.313 $1.50 $3.80 Gee” 


$60,000/200,000 units of 1000 = 30¢ pe 


1000. 
For use of brand name: $180,000/150,000 units of 1000 = $i. 20 per 1000. 
For mention or illustration of shape: $360,000/144,000 units of 1000 = $2.50 per 1000. 


net-sales dollar, which we establish as standard for direct selling 
costs. These costs are then applied to the net-sales value of 
each type of cigar to obtain the standard cost per thousand. 
As history develops, the actual monthly cost per net-sales dollar 
is computed and compared with the standard. This is done 
cumulatively throughout the year. 

The seasonal feature of business will create apparent variations 
between standard cost and actual cost, as the direct selling costs 
usually remain about the same monthly, regardless of whetber 
the month be a seasonally good one or a seasonally bad one. The 
true comparison of the actual with the standard is more fairly 
indicated by computing, for satistical purposes, a standard sales 
expense for each month, by dividing forecasted monthly sales 
into forecasted direct selling costs. Salesmen for Waitt and Bond, 
Inc., indulge in what is called in our business “missionary work.” 
They do not take orders to be sent directly to the house, but work 
with the salesmen of the various distributors, the orders going 
to the distributor. A careful record is kept of the time spent in 
the territory of each distributor by the different salesmen during 
the year, and their salaries, traveling and automobile expenses 
are allocated as a charge to the various customers’ accounts, 
based upon the number of days spent with them. 

On the analysis of the National Advertisers, covering 19 
different groups of businesses selling consumer products, the range 
in direct selling cost was from 21.26 per cent of the net-sales 
dollar in the office-equipment and office-supply business, to 
3.23 per cent in the tobacco-products business. It is interesting 
to consider the probable reason for this. Those who are selling 
office equipment know how much time is necessary to effect a 
sale, whereas, in the tobacco industry, the salesman of the manu- 
facturer is usually following up the jobber’s salesmen to make 
sure that the goods of his own house are properly promoted, and 
his expense, therefore, becomes a smaller proportion of the total 
business accomplished. 


ADVERTISING AND SALES PROMOTION 


Advertising and sales-promotion costs may be divided into: 
(a) Total expenditures in all recognized advertising media, such 
as Magazines, newspapers, trade and industrial publications, 
radio broadcasting, direct mail, outdoor advertising, car cards, 
window displays, dealer helps, and expenditures for advertising- 
production costs such as art work and engravings; (b) salaries 
and office expenses of indirect selling or sales-promotion depart- 
ments, such as advertising, market analysis, publicity, or market 
development; (c) samples, including cost of distributing. 

The proper application of advertising to the various products, 
or groups of products, in many instances, necessitates a more 
arbitrary method than any other item in distribution costs. The 
basis for including advertising cost in the product may vary 
materially since it is dependent upon the nature of the business 
and the policy of management in recognizing this cost. The 
companies with which the author is associated stand firmly 
against any deferment of advertising cost against sales of a 
subsequent year unless there are most unusual circumstances 
connected with it. Advertising should be charged to the specific 
article advertised whenever possible, but in many instances 
advertising copy will cover a great variety of products, and yet, 
certain products will gain greater advantage from the publicity 
than others. In the author’s case, for instance, his companies 
have arbitrarily applied that part of the advertising which is not 
specific on the following basis: (a) A total of 10 per cent is charged 
to all brands for use of the firm name in advertising, as a certain 
cigar may not be mentioned, but as it is known as our product, 
it receives value from firm-name advertising. (6) A total of 
30 per cent is charged to all shapes of the Blackstone brand; 
the Junior shape, for example, is almost never specifically men- 
tioned, but it bears the Blackstone prefix, which is always men- 
tioned. (c) The balance is charged to those shapes of the Black- 
stone brand mentioned and illustrated in the copy. 
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TABLE 3) ADVERTISING COSTS, MONTHLY, 1935¢ 


January November ~ 
Standard Cost per Cost per 
cost per -——Sales in 1000——. Monthly 1000 actual -——Sales in 1000——~ Monthly 1000 actual} 
Cigar 1000 Forecasted Actual charge sales Forecasted Actual charge sales 
Blackstone Londres........ $4.00 8,000 7,760 $32,000.00 $4.124 15,800 16,850 $63,200.00 $3.751 
Blackstone Perfecto........ 4.313 1,750 1,600 7,547.75 4.717 2,500 2,300 10,782.50 4.688 
Blackstone Junior.......... 1.50 450 480 675.00 1.406 700 650 1,050.00 1.615 
3.80 3,100 3,000 11,780.00 3.927 4,000 4,200 15,200.00 3.619 
HoMepanella...........5... 0.55 700 660 385.00 0.583 1,000 1,000 .00 0.55 
14,000 13,500 52,387.75 24,000 25,000 $90,782.50 


” Values used in this table are hypothetical. 


In this manner the entire advertising appropriation for the 
year is charged to the different brands and shapes, as shown in 
Table 2. The respective amounts are divided by the forecasted 
sales of each shape, and an assessment charge is made per 1000 
cigars as a standard which, although arbitrarily obtained, is 
believed to be fair and equitable. The standard charge per unit, 
when applied to the forecasted sales, will total the forecasted 
advertising appropriation for the year. Experience has proved 
to the satisfaction of Waitt and Bond, Inc., that an advertising 
appropriation, Table 2, is much more likely to be successfully 
forecasted than are the sales and, therefore, distribution costs 
are charged each month with the total resulting from the multi- 
plication of the forecasted sales (instead of the actual) by the 
respective unit assessment charges, Table 3. The actual cost of 
advertising per product unit will vary monthly, dependent upon 
how actual sales compare with forecasted sales. 

Until recently, almost all of the advertising appropriation of 
Waitt and Bond, Inc., went into radio. This type of advertising 
has brought a new problem with respect to the method of assessing 
the advertising cost to the various territories. The advertising 
agency provided a map indicating the coverage of the different 
stations carrying the program as obtained from surveys. The 
entertainment cost was prorated against the station charges and 
the full radio cost allocated as an expense against the various 
customers, in accordance with the benefit the survey maps 
indicated had been received. Any direct advertising material 
issued is likewise recorded as an expense against the customer 
in whose territory it is distributed so that at the end of the year 
the entire advertising expenditure has been allocated to the dif- 
ferent customers. 


‘TRANSPORTATION 


Transportation costs include out-freight charges, cartage and 
express, long-distance trucking, local delivery, and in-freight 
charges paid on returned sales. 

Waitt and Bond, Inc., includes the cost of shipping-room labor 
and supp’ies under the classification of transportation expense. 
These items are more definitely related to the weight of the pro- 
duct than to the net sales price. Transportation costs of Waitt 
and Bond, Inc., are determined as shown in Table 4. This method 
of computing transportation costs is a great deal simpler than 


it may seem; the weight of 1000 cigars of each brand and shape, 
packed in packages of various sizes in which they sell, has been 
recorded, and Blackstone Londres packed 50 cigars in a box is 
considered as the standard or 100 per cent package. All other 
packages of Londres and other shapes are indicated by the per- 
centage that their weight bears to the weight of the standard 
package as shown in Table 4. At the end of the month, sales are 
converted to a basis of the standard package. As an illustration, 
the standard package of 50 Blackstone Londres weighs 35.6 lb 
per 1000 cigars. However, Blackstone Londres, five cigars in a 
pack, weighs 37.5 lb per 1000 cigars or 105 per cent of the stand- 
ard, and the Blackstone Junior, 50 cigars in a box, weighs 22.4 
lb per 1000 cigars or 63 per cent of the standard. The same cigar 
will, of course, weigh differently when packed in a different type 
of package. 

Monthly sales of 1,000,000 of each package would be totaled 
as 1,000,000 for the standard, as 1,050,000 for the 105 per cent 
package, and as 630,000 for the 63 per cent package. As 
there are less than 50 different packages it is a matter of not more 
than 15 minutes, once a month, to make the conversion to the 
standard package and to determine the cost per 1000 standard- 
package cigars of all the selling-expense items which are to be 
distributed on a weight basis. In one month the cost of the stand- 
ard package was 52 cents per 1000 cigars, thereby resulting in « 
cost of $0.546 per 1000 for the 105 per cent package and $0.328 
for the 63 per cent package. There cannot be the slightest 
question as to the equity of distributing the items just referred 
to on a weight basis ratber than on a sales-dollar basis, and the 
extra effort involved is negligible. ‘The author is not unmindful 
of the fact, however, that, in most industries the great diversity 
of product sold would entail considerable effort. Nevertheless, 
the author believes that in nearly all instances certain groupings 
could be effected that would make the plan practical. 

On Waitt and Bond, Inc., distributors’ cost records, a charge 
is made for the actual cost of transportation, so that there will 
be shown on the cost records of a Denver distributor’s account 
a higher charge for transportation on 10,000 Blackstone cigars 
than would be the case with the same quantity of cigars going to 
a Philadelphia distributor. In this way, a truer picture is por- 
trayed as to the net profit developing from the accounts of various 
eustomers. 


TABLE 4 TRANSPORTATION COSTS, 1935 


Shipping Per cent Actual Actual 
weight of std. Sales ~ cost per Sales cost per 
per 1000 weight Actual Converted 1000 Actual Converted 1000 
Blackstone Londres. . . 35.6 100 4,870,000 4,870,000 0.513 4,700,000 4,700,000 0.534 
Blackstone Londres.... . Liew 8 45.0 126 1,640,000 2,066,400 0.646 1,600,000 2,016,000 0.6738 
Blackstone Londres. . ie y 37.5 105 1,250,000 1,312,500 0.539 1,225,000 1,286,250 0.561 
Blackstone Perfecto. 37.5 105 ,000 7,500 0.539 900,000 945, 0.561 
Blackstone Perfecto. 48.0 135 650,000 877,500 0.693 610,000 823,500 0.721 
Blackstone Junior... 22.4 63 310,000 195,300 0.323 300,000 189,000 0.336 
Blackstone Junior... 25.2 71 170,000 120,700 0.364 165,000 117,150 0.379 
30.0 84 3,000,000 2,520,000 0.431 2,900,000 2,436,000 0.449 
Hoffmanella.................. 31.2 88 ,000 ,800 0.451 600,000 x 0.470 


* Values used in this table are hypothetical. 


+ The weight of 1000 Blackstone cigars, packed 50 cigars per box, is considered a standard weight of 100 per cent. 
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WAREHOUSING AND STORAGE 

The expenses for warehousing and storage include total ware- 
housing charges, storage charges, and handling expenses on 
finished goods properly chargeable to distribution. 

Waitt and Bond, Inc., does not have this classification in its 
accounting system because the nature of its marketing plan is 
such that the distributors carry whatever supply is necessary in 
each territory. It is certain, however, that warehousing charges 
should not be applied to the product on the basis of net sales, 
since in nearly all instances there would be no relation between 
the bulk of the various products and their selling prices. If the 
product warehoused is all of the same form, the one most fre- 
quently handled should be called the standard, or 100 per cent 
product, and all the others indicated by various pereentages to 
denote a greater or lesser difficulty or expense in storing and 
handling. If the products warehoused are not of the same form, 
certain groupings should be equitably established, and the same 
plan followed. All products would be converted to the basis of 
the standard product, and the monthly warehousing cost obtained 
in the same manner as just described for transportation expense. 


Crepir CoLLEcTION EXPENSES 


‘The expenses of credit extension and collection may be divided 
into (a) expenses of maintaining a collection department, legal 
fees, and credit service, and (b) losses from bad debts. 

The standard for this classification is obtained by the division 
of forecasted net sales into the forecasted credit and collection 
expense. The resulting percentage is applied to the net sales 
value of each type of cigar to get standard cost per L000. It will 
be just as satisfactory to disregard forecasted sales and expenses 
of this classification and use as standard the percentage that the 
actual expense bore to the actual net sales, because under anything 
like normal circumstances the forecast of this type of expense 
would be based on the history of the year just ended. In the case 
of a company manufacturing a varied line of product, one class 
of goods going to a type of trade from which it is much more 
difficult to collect, it would be more equitable to indicate losses 
from bad debts by class of product and, once having done so, 
the bad debt cost of a group A would be applied to the cost of 
the same group-A line on the net-sales dollar. 

It may seem strange to some to see losses from bad debts ac- 
counted for in costing the product, but it must be remembered 
that distribution costs are being recognized more and more as a 
term to cover every expense pertinent to the business after 
manufacturing cost up to, but not including, federal taxes and 
dividends. It is certain that in computing the total cost of a 
product, recognition should be given to the fact that certain losses 
from bad debts will occur. Whether the anticipated loss is de- 
ducted from net sales, or included in distribution costs, is im- 
material, but the author believes there will be more surety of 
recognition, if treated in the latter manner. 

The National Advertisers’ survey shows jewelry and silver- 
ware manufacturers to be the greatest sufferers from credit and 
collection expense, with 3.51 per cent of net sales, whereas manu- 
facturers of household appliances have the lowest cost, or 0.63 
per cent. The reasons undoubtedly are that jewelry is a luxury, 
sold usually on credit, whereas household appliances are sold 
often for cash, and the credit loss is minimized because sales 
are largely through utility companies supplying current. 


FINANCIAL EXPENSES 


This classification on the National Advertisers’ survey had 
included with it the item of cash discounts on sales. The author 
believes it is very much better to consider cash discounts allowed 
customers as a deduction from sales before arriving at net sales, 
as a cash discount of 2 per cent for payment in either 10 or 30 
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days is paying such « high rate for money that it obviously be- 
comes an additional trade discount contingent upon payment in 
accordance with terms. Other financial expenses might be the 
cost of the treasurer’s department, expenses with respect to 
stock certificates and bonds, and their listing, registration, and 
transfer fees, and interest costs. The application of this classi- 
fication to the product in most instances is made most practi- 
cably to the product on the basis of the net sales price. Where 
interest constitutes the major part of the expense, the manu- 
facturing cost is more equitable as a vehicle than the net sales 
price, as the money has been borrowed primarily for material 
purchases and pay-roll expenditures, but the chances are that 
there would be only an infinitesimal difference in the cost whether 
it was applied on the manufacturing cost or the net sales price. 

Application of financial expense on the basis of the unit of 
production, however, would be most incorrect in most instances, 
as 1000 Blackstone cigars selling for $95 have cost infinitely 
more for interest than 1000 Totem cigars, selling for $40. 

In the case of the companies with which the author is associated 
interest on investment in manufacturing equipment is charged 
to fixed burden departmentally, and interest on raw materials 
computed as a separate element of manufacturing cost. The 
offsetting credit for these two entries is made to the interest 
account which is charged with interest on borrowed money. 
In the case of the companies with which the author is associated, 
the interest account becomes quite a substantial credit item, and 
due consideration is given to it in planning the desired profit 
percentage. In federal tax return, interest on investment item is 
eliminated in cost of manufacturing and in profit-and-loss interest 
credit. In listing current assets, that portion of inventory cortsist- 
ing of interest on investment is taken out and shown with deferred 
charges. No equitable cost of manufacturing can be computed, 
however, in our instance, without recognizing interest on invest- 
ment as an element of cost, as raw material used in some of the 
brands manufactured by Waitt and Bond is owned for two or 
three years, whereas, due to special buying arrangements, raw 
material used in other shapes may be owned for only four or 
five months, the leaf dealer assuming the carrying charges in 
such instances, although it is included in the purchase price 
when billed. If one type of tobacco costs $1.00 per pound and 
is not ready for use until two years have elapsed, it has cost, 
with interest at 5 per cent approximately $1.10 per pound in 
manufacturing, whereas a tobacco ready for use at time of purchase 
will be less expensive even though the price paid for the raw 
material be $1.09 per pound as against a dollar in the first instance. 
As these conditions are facts, and costs are supposed to deal with 
facts and should be tied up to the accounting, there is only one 
correct way for the problem to be handled in the cigar-manufac- 
turing business. 


GENERAL ADMINISTRATIVE EXPENSES 


Various elements of administrative expense should, undou | 
edly, be applied on different bases. In many instances, the cos: 
of such items as order taking, billing, and accounts-receivable 
ledger work should follow the number of orders or order items 
rather than the sales dollar of the order. Some elements of 
administrative expense, and miscellaneous income charges and 
credits, may best be applied on the net-sales dollar, which the 
author believes is the way such items, in their entirety, are usually 
applied. 

In the companies with which the author is associated general 
administrative expense is applied on the net-sales dollar, because 
it is believed to be the most equitable when considered from the 
standpoint of practicability. As we deal almost entirely with 
large jobbers and sole distributors, the orders are nearly all 
large ones, and so few clerks are needed for such work as order 
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TABLE 5 STANDARD COSTS AND FORECASTED EARNINGS, 1935¢ 


1 2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 
- o 
Blackstone Londres.... 1/20 $49.125 $3.028 $4.000 $0.52 $0.127 $2.008 $58.808 $1.534 $1.867 $58.475 $63.75 $5.275 72,000, $379,800 
Blackstone Londres.... 1/40 51.715 3.028 4.000 0.655 0.127 2.008 61.533 1.534 .965 61.102 63.75 2.648 28,000,000 74,144 
Blackstone Londres.... 1/200 50.211 3.028 4.000 0.546 0.127 2.008 59.92 1.534 1.908 59.546 63.75 4.204 20,000,000 84,080 
Blackstone Perfecto.... 1/20 61.934 3.836 4.313 0.546 0.162 2.544 73.335 1.601 2.353 72.583 .75 8.167 15,000,000 122,505 
Blackstone Perfecto.... 1/40 64.219 3.836 4.313 0.702 0.162 2.544 75.776 1.601 2.44 74.937 80.75 5.813 9,000,000 52,317 
Blackstone Junior....... 1/20 22.237 1.413 1.500 0.328 0.059 0.937 26.474 1.943 0.845 27.572 29.75 2.178 4,000,000 8,712 
Blackstone Junior...... 1/200 21.916 1.413 1.500 0.369 0.059 0.937 26.194 1.943 0.833 27.304 29.75 2.446 2,000,000 4,892 
Totem................ 1/20 27.021 1.615 3.800 0.437 0.068 1.071 34.012 1.649 1.027 34.634 34 0.6345 40,000,000 25,3606 
Hoffmanella........... 1/20 27.503 1.413 0.550 0.458 0.059 0.937 30.920 1.484 1.045 31.359 29.75 1.6095 10,000,000 16,090% 


* Values used in this table are hypothetical. 
+ Represents loss. 


TABLE 6 ACTUAL COSTS AND BRAND PROFITS, JANUARY, 19354 


1 2 3 4 5 6 7 

.2 

we 33 Se 

Bac $5 

S Bee 88 
$33 £52 32 #, #88 
Cigar Ay Ase <6 O88 
Blackstone Londres... .. 1/20 $48.876 $3.698 $4.124 $0.513 $0.115 
Blackstone Londres... .. 1/40 51.476 3.698 4.124 0.646 0.115 
Blackstone Londres..... 1/200 49.962 3.698 4.124 0.539 0.115 
Blackstone Perfecto... .. 1/20 61.507 4.684 4.717 0.539 0.145 
Blackstone Perfecto..... 1/40 63.792 4.684 4.717 0.693 0.145 
Blackstone Junior....... 1/20 22.583 1.725 1.406 0.323 0.054 
Blackstone Junior....... 1/200 22.262 1.725 1.406 0.364 0.054 
Hoffmanella............ 1/20 27.394 1.725 0.583 0.451 0.054 


@ Values used in this table are hypothetical. 
b Represents loss. 


writing, billing, and posting, that a more minute allocation of 
this expense is deemed inadvisable. 

With Waitt and Bond, Inc., manufacturing overhead is ap- 
plied on the basis of normal factory capacity instead of fore- 
casted production. The manufacturing account is charged each 
month with only that portion of fixed burden which actual direct 
labor has earned, the unearned portion being charged to profit 
and loss as idle capacity. Obviously, such an item must not be 
lost sight of in obtaining the final cost of a product, and it is 
equally true that it should not be included as one of the items of 
distribution cost. The author believes idle capacity to be such 
an important factor that he computes it as a separate element 
of cost, thereby making for greater elasticity in obtaining all the 
information necessary to establish the selling price of a product. 
As idle capacity is not part of distribution cost, the author will 
not attempt to describe the method of applying it to the cost 
of the products manufactured by Waitt and Bond, Inc. However, 
it is included in Tables 5 and 6 showing the standard and actual 
costs, and the standard and actual forecasted earnings of the 
company. Distributors’ advertising costs and earnings are given 
in Table 7. The distributors’ costs in percentages are given in 
Table 8. 


SELLING PRICE MAKING 


When business is in the depressed state that we have experi- 
enced for several years, even the most accurate of cost computa- 
tions and sales forecasting should not be relied upon too implicitly 
for the purpose of establishing selling prices. The costs of the 
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2.295 $59.621 $1.840 $1.955 $59. $63.75 $4.244 4,870,000 $20,668 
2.295 62.354 1.840 2.059 62.135 63.75 1.615 1,640,000 2,649 
2.295 60.733 1.840 1.998 60.575 63.75 3.175 1,250,000 3,969 
2.907 74.499 1.922 2.460 73.961 80.75 6.789 950,000 6,450 
2.907 76.938 1.922 2.552 76.308 80.75 4.442 ~ 650,000 2,887 
1.071 27.162 1.917 0.903 28.176 29.75 1.574 310,000 488 
1.071 26.882 1.917 0.890 27.909 29.75 1.841 170,000 313 
1.224 34.465 1.976 1.074 35.367 34.00 1.3675 3,000,000 4,101> 
1.071 31.278 1.527 1.096 31.709 29.75 1.9595 660,000 1,293> 


32,030 


various products of the United States Steel Corporation when its 
plants are operating at 15 per cent of normal capacity must be 
so excessive that very little of the available business could be 
secured if selling prices were based on such costs. The advertising 
and sales-promotional expense of an article reliant on publicity 
for its consumption and use might very conceivably be so great 
during such times that any attempt to establish a sales price, 
based upon a costing which included these full advertising and 
promotional expenses would result in a price far greater than the 
traffic would bear. In such a case, should the manufacturer 
eliminate his advertising as something he cannot afford to do and 
thereby have a sales price that has a chance of getting some busi- 
ness or should he continue publicity work which results in a final 
cost that will be in excess of his sales price? The author believes 
that in such a case the farsighted business man will continue at 
least the minimum amount of marketing expense that he believes 
his product must have, regardless of the effect of a decreased 
sales volume on the marketing expense cost per unit. The author 
is of the opinion that experiences during the depression will 
result in a realization of the necessity for creating a reserve, set 
aside out of the earnings of profitable years, so that a broad 
business policy may be maintained even when we are in the 
valleys of the business curve. It would seem, therefore, that a 
well-organized business will have not only its factory idle capacity 
to consider, but also its idle selling effort, during that period when 
many of its customers do not have the money to buy, but should 
be constantly reminded of the product so that they will buy 
when business increases again. The author wishes to make it 
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TABLE 7 DISTRIBUTORS’ ADVERTISING COSTS AND EARNINGS, 19354 


Sales units, 

1000 cigars Net sales 

per unit value 
ABC Co. 4,700,000 $239,264 

DEF Co. 12,650,000 678,65 
GHJ Co. 7,840,000 406,068 
KLM Co, 4,075,000 160,971 
NOP Co 4,650,000 236,667 
X Y Z Co 14,425,000 794,444 
Totals 192,000,000 $10,895,200 


@ Values used in table are hypothetical. 
+ Represents loss. 


TABLE 8 


Direct 
Net Mfg selling 
sales, costs, cost, 
% % 
ABC Co. 100 77.06 6.45 
DEF Co. 100 79.47 3.92 
GHJ Co. 100 79.13 5.46 
KLM Co. 100 79.26 8.34 
NOP Co. 100 81.18 4.44 
X YZ Co. 5. 


® Values used in this table are hypothetical. 
+ Represents loss. 


clear that costs, to be useful, must be computed in a manner 
that will be of assistance in establishing selling prices. Costs 
figured on the basis of a production, using only 20 per cent of 
plant capacity or covering full publicity costs, during a period 
when sales expectancy is at a low level, may be splendid from the 
standpoint of statistical information, but are of little value to 
management in planning and devising ways and means for acquir- 
ing all the business obtainable. The businesses which will weather 


DISTRIBUTORS’ COSTS IN PERCENTAGES, 19352 


Advertising -—Net profit or loss-—— 
Net sales, Net sales, 
Expenditure % Amount % 
$19,500 8.15 $11,006 4.60 
36,851 5.43 48,728 7.18 
25,095 6.18 21,928 5.40 
17,578 10.92 2,9786 1.85 
19,951 8.43 5,183 2.19 
25,025 3.15 67,289 8.47 
$753,460 6.92 $588,341 5.40 
Transpor- Other Net 
Advertising, tation, charges, profit, 
% 0 o % 
8.15 0.91 2.83 4.60 
5.43 0.82 3.18 7.18 
6.18 0.76 3.07 5.40 
10.92 0.08 3.25 1.85% 
8.43 0.62 3.14 2.19 
1.47 2 


depressed times to best advantage are those which have had 
a broad enough business policy and sufficient foresight in the 
past to keep substantial surpluses in their business so that 
charges to profit and loss covering idle capacity and excess 
promotional costs will not wreck their financial position. They 
will be permitted to get whatever business is obtainable be- 
cause their prices will not be out of line with prevailing con- 
ditions. 
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Automatic Regulators, Their Theory 


and Application 


The essential elements and characteristics of automatic 
regulators are considered in the present somewhat ele- 
mentary paper which is intended to stimulate activity 
leading toward an A.S.M.E. research report. Attention 
is directed to the technical material in the paper rather 
than the terminology. 

Sensitivity, speed, power, and stability are pertinent 
variables of automatic regulators. Their relations are 
mathematically treated herein. While it has been neces- 
sary to state a few definitions for clarity of treatment, 
such definitions are not offered as being universally ap- 
plicable since different fields are accustomed to different 
terminologies. 

An automatic regulator for a variable consists of a 
meter responsive to the variable, a controller for altering 
the variable, and governing means connecting the meter 
and controller to regulate the variable in a predetermined 
manner. These terms are used in a descriptive sense. 

Since hunting generally results from a lag either of the 
variable (storage or process lag) or the response of the 
meter to changes of the variable (metering response lag), 
stability requires that the controller be properly damped, 
i.e., be made to approach gradually its proper position. 

In this general treatment, the hunting of regulators 
is considered simply as a more or less damped har- 
monic function of time. This analysis directly relates 
the performance of typical regulators with their equa- 
tions and, in particular, connects the stability of such 
regulators with their constants and those of the system 
controlled. 


PREFACE 


‘oo EWHAT elementary treatment is offered for dis- 


cussion and to encourage the publication of papers by others, 
leading toward an A.S.M.E. research report upon typical 
classes of industrial regulators and their operating characteristics. 
Automatie regulators, already in wide industrial use, are of 
rapidly increasing importance in assisting the general supplanting 
of bateh production by mass-production through the application 
of continuous processes. Without reflecting upon the work of any 
writer, it seems to the present author that this active art has 
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Twelve typical regulators and their characteristics are 
illustrated and briefly described. This is considerably 
fewer than the number of classes of regulators in common 
use. 

Since the governing means determines the mode of 
regulation, it forms the principal subject of the paper. 
Only enough consideration is given the other means asso- 
ciated therewith to establish such of their characteristics 
as affect the regulation. The present material was se- 
lected as illustrating a practical and useful approach to a 
subject which may appear needlessly involved. 

In one class of regulator (Class VII), the controller is 
prevented from overtraveling the meter even where con- 
siderable storage lag exists since the governing means 
comprises the following elements or their equivalents: 
A follow-up to prevent momentary swings; a dashpot to 
rapidly damp down such momentary swings as start due 
to sudden changes; and reset means to gradually restore 
the variable to the set point. 

The speed of stable controller operation possible with 
this Class VII regulator provides a useful basis of com- 
parison, in many applications, with other classes of regu- 
lators. Certain applications do not require nor justify the 
selection of such a complete regulator. While it may not 
be adequate for certain difficult services such as the auto- 
matic steering of large vessels, still it has had some use 
in industry. Class VII regulator has been given more 
space in the present treatment than possibly it deserves, 
because it serves to bring out the functions of the various 
elements involved. 


outstripped its literature. Would it not be desirable to have 
an A.S.M.E.-sponsored compact treatment, generally along the 
lines of the present fluid meter reports, where one unfamiliar 
with the art could find the gist of the subject simply stated? 
Nuch a report could describe the various typical classes of regu- 
lators and their characteristic performance, particularly in 
regard to stability. It is hoped that the discussion of the present 
paper will emphasize the desirability of actively starting work 
leading to the early publication of such a report, which should 
prove of immediate value in furthering the use of approved 
terms throughout industry and be of assistance in educational 
work in engineering. 

While clarity has required the definition of such terms as occur 
in the present paper, they are not offered for adoption. However, 
rather than follow a set of terms now in use in one particular 
industry, the author has attempted to keep to descriptive terms 
consistent with patent terminology in this art. In fact he has 
made an attempt to integrate the terminology generally used 
in the patent and trade literature as far as is consistent with 
their basic technical meanings. 

In several instances the terms used in the paper differ from 
those used most frequently by manufacturers of industrial 
regulators. ‘Regulation’? has been used herein to have a 
broader sense than “control.” This conforms to the usage in 
the A.S.M.E. Power Test Code, Series 1923, for Speed-Re- 
sponsive Governors. This choice was made with full knowledge 
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of the fact that the controllers of today grew from the elementary 
regulators of pressure, etc. long familiar to engineers generally. 
Brevity and euphony both favor the more general use of the 
term “‘control” as opposed to “regulation.”” The term ‘‘meter” 
has been descriptively used throughout this paper to define 
“means responsive to a variable.’”’? Obviously, ‘meter’ is not 
used here in its strictest sense. At the same time it seems pref- 
erable to the author to use this single descriptive word instead 
of the compound abstractions ‘‘primary element”’ or “sensitive 
element.”’ To point this particular approach, consider a head- 
type flow meter telemetrically transmitting flow rates to a distant 
receiver which has contacts for operating a valve affecting the 
flow rate. Here are three primary elements: Differential 
producer, telemetric transmitter, and contact means. There 
are also three secondary elements, differential responsive 
means, telemetric receiver, and reversible motor-actuated control 
valve. Instead of suggesting the general use of standard terms, 
it seems preferable to attempt to set forth the subject matter of 
the present paper in a clear, descriptive and reasonably consistent 
terminology. The author urges that the publication of useful 
technical material be not delayed to await general agreement 
upon the subordinate matter of the terminology involved. 

In an effort to minimize the amount 
of contentious material in this paper and 
so increase its usefulness, it was circu- 
lated in early January, 1936, in prelimi- 
nary form for critical comments to the 
following representative users, indivi- 
duals, and manufacturers: Detroit Edi- 
son Co., Dow Chemical Co., Philadel- 
phia Electric Company, Standard Oil 
Company of New York; M. F. Béhar 
and R. Rimbach, editors of Instruments; 


However, the following definitions in this preliminary paper 
are not proposed for adoption. While hydraulic means shown 
in Fig. 1 have been used in the following text for con- 
venience of illustration, their mechanical, thermal, or electrical 
equivalents may be substituted in this analysis. ‘The general 
adoption of a consistent terminology should do much to lessen 
ambiguities of current usage. The regulator and its metering 
portion both have certain characteristics, e.g., sensitivity. 
Just as “efficiency,” properly qualified, enjoys wide use; so 
can “sensitivity,” properly qualified be used better than less 
descriptive words. 

An automatic regulator comprises a metering means responsive 
to a variable, controlling means for altering the value of this 
variable, and governing means connecting the meter and con- 
troller to regulate the variable in a predetermined manner. 

In a self-actuating regulator, the meter itself actuates the con- 
troller. This is known in water-filtration practice as a direct 
acting controller. However, the use of “direct acting’’ has 
been avoided here, in view of its use and of “reverse acting’’ in 
another sense, in other fields. 

In a relay-type (pilot-type) regulator, the meter affects a pilot 
which governs supply of auxiliary power to actuate the controller. 


FOLLOWUP 


The Barber-Colman Co., The Brown In- 
strument Company, The Foxboro Com- 


pany, Leeds and Northrup Company, 
Smoot Engineering Company (Division 
of Republic Flow Meters Company), and 
C. J. Tagliabue Manufacturing Com- 
pany. Grateful acknowledgment is made 
for such comments and expressions of interest. However, the 
author requests that any formal discussion be presented sepa- 
rately and openly; references, including patents will be par- 
ticularly welcome. 

Edgar R. Loud and Albert E. Mignone of the engineering 
department of Builders Iron Foundry assisted materially in the 
preparation of this paper. Donald J. Stewart of The Barber- 
Colman Company generously discussed the material from the 
heating and ventilating viewpoint. The aid and independent 
check by C. Owen Fairchild of the C. J. Tagliabue Manufacturing 
Company were particularly helpful. As a matter of record, this 
paper was started jointly with Albert F. Spitzglass, of the Smoot 
Engineering Company, whose arrangements, the author regrets, 
did not permit him to continue with the work on the paper. 


Scope AND DEFINITIONS 


The scope of this paper is limited to the classes of automatic 
regulators in common industrial use and to their performance 
characteristics, e.g., flow rate, level, pressure, temperature, and 
speed. It is further limited mainly to the governing means 
common to such regulators. 

This paper is complemental to, rather than an extension of 
the A.S.M.E. Power Test Code, Series 1923, for speed-responsive 
governors. It includes only such associated material as contrib- 
utes to the clarification of that within the scope just men- 
tioned. 


7b EL VATED RESERVA, 
MAUSTRATING STORAGE LAG. 


Fie. 1 Crass VII Auromatic REGULATOR 


Metering response lag expresses the delay of response of the 
meter to a change in the variable. 

Storage (process or capacity) lag expresses the delay of the 
effect of the regulator on a liquid level which, for example, 
occurs when a level variation results from changes in the 
relative rates of inflow to and outflow from a reservoir. 
The level responds in a delayed manner to changes of out- 
flow rate that require compensation, when it is the level that 
is regulated. 

Stable regulation exists when the controller progressively 
reduces the departure of the variable from its predetermined, 
or set, value. Hunting is an objectionably wide oscillation of 
the controlled variable resulting from a self-sustaining movement 
of the controller. 

A follow-up ties the position of the controller to that of the 
meter for each value of the variable controlled, generally pro- 
ducing stable regulation. This mode of regulation is variously 
known as proportional, modulating, or corresponding. 

A damping device (loose-linked dashpot shown herein) in 
the follow-up reduces the regulating band to a point with stable 
control where there is only small lag. This results in regulation 
in which the controller position is noncorresponding to that of 
the meter, which mode is also known as floating control. 

A reset spring, resiliently connecting the follow-up and the 
dashpot, stores energy to cause its damped end to pace the 
restoration of the variable to its set value at a rate consistent 
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with the storage lag of the system, the controller remaining 
quiet in the Class VII regulator as long as this restoration occurs 
in the proper manner. This produces asymptotic regulation, 
that is, the rate of restoration decreases as the set value is 
approached. 

Sensitivity is expressed by the insensitivity: The least difference 
between the values of the variable that causes the controller 
to move in one direction and then the opposite. Just as a meter’s 
accuracy is generally stated as being within a given percentage 
error, so is the sensitivity defined by the dead zone within which 
a regulator is insensitive. 

Regulation is the difference between the minimum and maxi- 
mum values of the variable observed while the regulator is 
functioning under steady conditions. Regulation may be ex- 
pressed in percentage either of the arithmetical mean of these 
extreme values of the variable or the full scale of the meter. 
The regulation as defined previously expresses the overall per- 
formance of the regulator and is seen to be closely related to 
the sensitivity. 

The regulating range is the ratio of the maximum to the mini- 
mum value over which the regulation will be within given limits. 
The throttling, or operating range, as used herein is the difference 
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the following decrement: 
of two successive hunting swings in the same direction 


The natural logarithm of the ratio 


1 x 
aT = log,— logie or = 


D= = 
0.4343 Zo 


approximately, where 7’ is the period of a complete cycle, and 


w being the angular velocity in radians per second and 27 radians 
equals one complete cycle as a matter of kinetics. 

For example, when D equals unity, each successive movement 
of the regulator in a given direction is approximately '/, (actually 
1/2.7183) as much as the preceding movement in that direction, 
see Fig. 1, which shows the degree of approximation of the last 
term in Equation [2] for severe damping. 

Generally the stability is most satisfactory when a regulator 
damps its motion within approximately two cycles following 
any normally occurring disturbance, to within the limits of 
insensitivity, so that any further hunting is lost. The logarithmic 
decrement D for such a regulator must increase with the value 
of the normal maximum disturbance Az so that, taking the in- 
sensitivity and disturbance of the same sign and 
accepting the approximation of the last term of 
Equation [2] 


so that 


Fig. Dampep Harmonic REGULATION 


between the metered values of the variable required to send 
the controller to its extreme positions. This is ordinarily ex- 
pressed in percentage of the full scale of the meter. 

The speed of controlling may be indicated by the minimum 
time required for the controller to move from one extreme posi- 
tion to the other under the action of the regulator. 

The interval is the time required to reduce a departure to 
10 per cent of its value at the start of the interval. This defi- 
nition is borrowed from the demand-meter art. Its use here 
has proved more convenient than other terms for the purpose 
of the following analysis. Fig. 5 shows that the halving period, 
i.e., time required to reduce a departure to 50 per cent of its 
initial value, is approximately 30 per cent (= 100 logy 2) of 
the previously defined reset interval. 


STABILITY 


Stability requires that any regular hunting action of the 
regulator, following a disturbance thereof, soon dies out. For 
convenience of mathematical analysis, such a hunting action 
may be generally expressed as a damped harmonic function 
(series in some cases) of time t, as 


the exponential (first) term representing the damping of the 
hunting motion expressed by the harmonic (second) term 
(see Fig. 2). 

The regulator is stable as long as a is positive. Its stability 
increases with the value of a, the relation being expressed by 


w 2Az 


Equation [6] shows that the value of a must in- 

crease with increasing values of w and Az and de- 

crease with increasing values of the insensitivity s and n the 

number of cycles before hunting ceases. It is seen that the 

positive value of a approaches zero in the limiting case where 

it takes an infinite number of cycles for hunting to die out. 

For use of “‘insensitiveness” refer to the section on “Governors” 

in “Principles of Alternating-Current Machinery,” by R. R. 

Lawrence, McGraw-Hill Book Company, New York, N. Y., sec- 
ond edition, 1921, pp. 367-369. 


and 


HuNTING 


Harmonic Motion. Before determining the relation of w to 
the elements forming the regulator, one may first consider the 
implications of the harmonic motion assumed. The equation 
of a point moving with harmonic motion is 


The velocity of the point is 


8 


and its acceleration is 


Thus Equations [9] and [71 may be combined and written 
simply as 


T 
= 2r/w 
Ar = (1 + D)" 
8/2).. 
INTERVAL 
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where there is continuous hunting of constant amplitude, i.e. 
with an a of zero. In other words, where Equation [10] is the 
equation of a regulator, there will be steady hunting of constant 
amplitude. 

Damped Harmonic Motion. A common class of regulator 
is shown itt Fig. 3. This controls pressure to a point and damps 


Fic. 3 A Common Type oF REGULATOR 


out hunting. Taking a general case for an illustrative analysis, 
the numerical values of the various constants may be neglected. 
Also it may be assumed that the velocity of movement of the 
meter is negligibly small when compared with that of the con- 
troller. 

If x, = pressure in the line when at the set control point, 
x = pressure in the line at any moment, and z = position of 
meter at any moment, then 


z—b * pressure in cylinder, upward force with unity area 


of cylinder........ {11] 


dy 
x, + ¢— = pressure in cylinder, downward force with unity area 


dt 
of cylinder........ {12] 
dy 
ee hy speed of valve, depending upon the pilot position 
dz dy 
{14] 
x = —ky = relation at any point............ {15] 
dx dy 
—=—k— {16 
dt dt 16] 
From Equations [11], [12], and [15] and dropping datum z, 
dz dy 
—ky — b — 7 
i dt (17] 
and from Equation [14] 
dy 


of which differential equation, one solution is? 


= yoe~™ cos wot 
where 


c 
am — 


2b 


2 “Vibration Damping, Including the Case of Solid Friction,"’ by 
A. L. Kimball, Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM- 
51-21, and discussion, pp. 227-236. 


c 
4b? 


and 


This analysis is for the case where stability is obtained by 
damping that overcomes the effects of response lag in the meter 
and where there is no lag due to storage. 


DameED Morion 


Consider the case where the rate input qi: and the output q: 
for a storage reservoir of area A must be equalized to maintain 
a given level, within limits, by controlling the input rate to 
equal that of the variable output rate. Then 


dx (20) 
dt 
or 
dx 2 
(21 
dt A 1 


Starting with any balanced condition, then for Ag; change of 
input rate 


dx Ag 


Assuming that rate q; is a funetion only of valve opening y, then 


and 


With a sudden increase Ag: of the output rate gz, the resulting 
departure of level Ar and the behavior of the valve, especially 
as to hunting, are of consequence and as below: 

The level immediately begins to drop at the rate 


dx Aq: 


assuming that changes in level do not themselves apprecial|, 
affect the rate of outflow qz. 

The throttling range of the regulator is such that with «an 
increase of level of z-/2 the input valve will be closed, or y = 0), 
and with a decrease of z,/2 the input valve will be wide open, 
or y = 1, or a total of —z, for unity change of y. 

If the control valve alters its position to continuously corre- 
spond with changes in level, i.e., no metering response lag, then 


there can be no surge, the valve and level changes, respectively, 
being ultimately, when 


Aq = Aq. 
and from Equations [24] and [26] 


Aq» Ax - 
(27) 
k x 


and 


ak 
k 
We = 
Waren DETERMINES 
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dt A 
Az 
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At the limit 
dy 


dt dt" 
and from Equations [25] and [26] 


dy Ag 


(30) 
A 


This relation exists where the input 
valve is directly actuated by a float 
in the reservoir. 

From Equations [25] and [28], at 
t=0 


dz k 


= 
dt Ag, 


[31] 


LEVEL 


or, measuring level x’ from its final 
value, then att = 0 


[32] 
and 
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by plotting the valve’s closed position (y = 0) at the top and 
its wide-open position at the bottom of the graph. The line 
is solid for z and dotted for y. Similarly, the sign of y has also 
been loosely used in the following equations in several instances. 


ASYMPTOTIC 


Levet Retrurn CURVE 


az. 


[33] 


where 


[3-4 | 


In familiar language, the rate of change of level x’ decreases 
as xz’ approaches its final value of zero. Separating variables 


and integrating, the asymptotic return curve’s relation is (see 
Figs. 4 and 5) 


log. 2’ = —a’t. [36] 
and obtaining the constants of integration at ¢ = 0 
z’ = —Azre~™. [37] 


Thus no hunting can exist in this case. Consequently this 
asymptotic relation is preferably used by any reset means in 
pacing the return of the controlled variable back to its set value. 


CLASSIFICATION OF REGULATORS 


This classification discusses typical industrial 
regulators, including several classes added to assist in an orderly 
presentation. The classification is according to the functional 
relations of the elements in their various regulating combinations. 
A cursory attempt has been made to present the equation for 
each class. These equations can be better stated, providing 
the preliminary discussions of this paper appear to justify this 
further effort. A hydraulic embodiment of each class is illus- 
trated in Figs. 6 to 17, inclusive, in which, as shown in Fig. 6, 
the elevation x of liquid in a reservoir is the quantity regulated 
by the displacement y of the controller (valve). The perform- 
ance characteristic of each class is shown by a graph beneath 
each figure, the abscissa being time ¢ and the ordinates are, re- 
spectively, x for the variable and y for the displacement of the 
controller (valve). Experience of the author has shown that the 


(eneral. 


phase relation of z to y is most clearly brought out by so plotting 
y that a change of z produces a resultant change of y in the 
same direction; this being accomplished in the present instance 
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Some blank charts have been added to encourage improvements 
by discussers. 

Class I. Self-Actuating, Noncorresponding. (Point Control, 
One Type of Floating Regulator, Algebraic Difference.) In this 
type of regulator, shown in Fig. 6, the position of the controller 
(valve) does not correspond with the metered value of the 
variable, i.e., the valve can be in any position from closed to 
wide open with the meter at the control point set. The con- 
troller moves in an opening direction as long as the metered 
value is negative with respect to the control point (and closing 
when positive); in other words, the controller operates essen- 
tially according to the algebraic difference between the metered 
value and that set. Where there is much throttling 5, the 
controller may move from one extreme position to the other, 
instead of stopping at the proper position. 

The equation, assuming negligible throttling b is 


dy 
dt = f(x — 2,).. 


No hunting will exist, since the valve stops immediately upon 
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reaching the proper position. The slight humps in the curves 
just before z reaches its set value x, are due to the inertia of the 
valve mechanism. This slight tendency to oscillate is soon 
damped out by even slight friction to bring the valve practically 
to its proper position. 


CONTRO« 


LAG, LARGE LAG 
! sor? 
TIME 
| 
1 
i/ 


Some LAG (SATISFACTORY ConTROL) 


Fic. 6 Cuass I REGULATOR 
(Floating type, self-actuating, noncorresponding.) 


Where the throttling b is appreciable, the equation is 


= fis — 2, — [39] 
the last term representing the fluid friction in the metering 
connection. Exponent n is 1 for viscous flows and approxi- 
mately 2 for turbulent flows. In Equation [39] the energy 
of the liquid in the connecting line is neglected. 

Starting with a low level and the valve wide open, the graphs 
show that the valve does not start to move until after the value 
of z has passed z.. With throttling 6 present, it is apparent that 
the motion of the valve is more gradual than when throttling 
is not appreciable, since the metering lag directly affects the 
speed of valve travel. The valve starts to open at A. When 
the valve finally reaches its proper position at B, the level has 
exceeded its proper value z,. Then the valve closes until the 
level reaches its set value at C. However, the valve is then too 
far closed so that it reopens, reaching its proper value at D, 
at which time the level is too low. This is obviously a phase 
hunting which will continue indefinitely and to an extent de- 
pending upon the relative values of the time lag and the speed 
of valve travel. In the extreme case of large time lag, this de- 
generates into a regulating action in which the valve reaches 
its extreme positions before a tendency to reverse is felt. The 
lower graph shows that satisfactory control exists when the 
metering lag is small enough. In this case, mechanical friction 
absorbs the slight kinetic energy of the mechanism. 

Class IJ. Self-Actuating, Corresponding. (Band Control, 


Proportional Control, Fixed Characteristic.) This class, dia- 
grammatically shown in Fig. 7, differs from Class I only in that 
the valve position corresponds to the amount of departure of 
the variable from its set mean value. The equation is 


As shown by the graphs in Fig. 7 this is an extremely stable 
mode of control. The valve stops at a position that varies 
with the then value of the variable. Even with quite large 
lag, the control will be stable. However, as in Class I, an 
excessively large metering lag must produce hunting. 


SAND CONTROL, Non -HUNTING 


LAG LARGE LAG 
7 
7 T 7 
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Fie. 7 Cxrass II 
(Proportional type, self-actuating, corresponding.) 


Class III. Pilot-Governed, Noncorresponding. (Another Type 
of Floating Regulator.) This type of regulator is shown in Fig. 8. 
As long as the metered rate is not precisely that set, the valve 
will move at a given rate dy/dt, assuming that the pilot ports 
are fully opened or closed in either direction by a small de- 
parture. The equation of this regulator is 

vector (xz — z,) 


dy 
— = k .. 41] 
dat (x — 2,) 


or any other equivalent equation in which the direction of motion 
depends only upon the algebraic sign of the departure. Another 
view of the characteristic of this control is obtained by noting 
that the valve movement y is related to the integrated durations 
of departures of x and regardless of their extents. 

This class of regulator hunts incessantly unless the rate of 
motion of the valve is very slow and there is enough lap on the 
pilot valve to permit normal flow variations without actuating 
the valve. This class is widely used for draft and pressure 
regulators. 

Class IV. Pilot-Governed, Corresponding. This type of regu- 
lator, shown in Fig. 9, acts in a manner generally similar to 
Class III. With appreciable pilot lap there is a well-defined 
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band within which flow variations will not produce hunting. 
By having this lap band slightly exceed the sensitivity of the 
meter, the control tends to be much less unstable than Class III 
which has no such definite band relation between rate and pilot 
position. Assuming negligible pilot lap and metering lag, this 
regulator’s equation is essentially the same as that of Class ITI. 
Again the valve position may be related to the integrated dura- 
tions of departures regardless of their extents. 


Poin? Con TROL. No EFFECT OF LAP ON F407" 


LARGE LAG 
LARGE THROTTLING 


LAG 
SMALL THROTTLING 


LAG LARGE THROTTLING 


Fie. 8 Crass III Reauiator 
(Pilot-governed, noncorresponding, another floating type.) 


Class, IV regulator is also widely used for pressure regulators. 
(See F. N. Connet’s expired U. S. patent No. 863,264, patented 
August 13, 1907.) 

Class V. Pilot-Governed, Corresponding. In this regulator, 
Fig. 10, the meter and valve are tied together by a follow-up 
link having a fulcrum attached to the pilot so that for each 
meter position there will be a corresponding valve position. 
This strongly discourages overtravel of the valve and so pro- 
duces an inherently stable mode of regulation. Equation [40] 
is the equation of Class V regulator, which is also the Equation 
of the corresponding regulators of Class IT. 

Since the width of band can be narrowed surprisingly without 
excessive hunting due to the high stability of this mode of 
control, this class is commonly used wherever pilots are operated 
by accurate instruments. (See F. N. Connet’s level regulator, 
expired U. S. patent No. 987,048, patented March 11, 1911.) 

Class VI. Pilot-Governed, Follow-Up With Dashpot. By 
adding .a free-piston dashpot to the follow-up of Class V, as 
shown in Fig. 11, the controlling band is reduced to a point. At 
the same time, instantaneous stability is maintained since 
momentary correspondence exists between valve position and 
meter position so that the valve will not overtravel. Neglecting 
the metering lag, the equation of such a regulator is 
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LAG -LARGE THROTTLING BAND 


Fie. 9 Crass IV ReGuLator 
(Pilot-governed, corresponding.) 


SMALL. LAG 
SMALL THROTTLING 


Fie. 10 Crass V Reauiator 


(Proportional type, pilot-governed, corresponding, follow-up.) 
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or since y = kx 


dy 


= 43 
[43] 


Where the throttling b causes appreciable metering lag, the 
equation becomes of the following type 


b +y=0 
€ 


LARGE LAG 


Fie. 11 Crass VI REGULATOR 


(Mixed proportional and floating type, pilot-governed, noncorresponding, 
momentarily corresponding, follow-up, dashpot.) 


of which a solution, as noted previously, is the damped harmonic 
characteristic 


ed 


This Class VI is generally followed in the usual speed and 
pressure regulators; in other words, wherever accurate stable 
control is needed and where storage lag is not appreciable. 

Class VII. Pilot-Governed, Follow-Up With Dashpot and 
Storage-Lag Pacer. In this class regulator, shown in Fig. 12, 
the piston of the dashpot is mounted on the reset spring so that 
momentarily the stability is maintained as with Class VI while 
the energy stored therein gradually paces the meter back to the 
set point. Neglecting the last-stated equation for stability, 
the equation of restoration is 


which is like Equation [43] except for the different value of 
instead of 

This is the minimum regulator satisfactory where considerable 
storage lag exists along with lively outflow variations, which is 
often the case in modern industrial processes. 


Comparison of Classes VI and VII is readily made where the 
level of a liquid reservoir, having a variable outflow, is to be 
maintained constant by controlling the rate of inflow according 
to the level. Class VI may be satisfactory as long as the rate 
of change of the outflow rate is low enough relative to the speed 
of the control valve so that this valve can control the input rate 
to equal the output rate and yet have the speed of the control 
valve slow enough (depending on the area of the liquid surface) 
so that the valve cannot seriously overswing. However, when 
the storage lag becomes very large, the speed of the control 
valve must be greatly reduced; in which case, the valve of a 
Class VI regulator can no longer keep up with lively fluctuations 
of outflow rate. Where lively fluctuations of outflow rate must 
be stably met, the Class VII regulator provides a rapidly moving 
valve that moves almost immediately to nearly its proper posi- 
tion, overtravel being prevented by the follow-up. The reset 
spring then more and more slowly moves the damped piston in 
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Fie. 12) Crass VII Reauiator 
(Pilot-governed, Class VI regulator with storage-lag pacer.) 


its dashpot until it exerts no further effect upon the level setting. 
The Class VII regulator may loosely be said to have the means 
of Class VI for giving stability at each instant plus a reset spring 
for permitting quick response to severe surges, and taking care 
of the gradual effect of a large storage (or process) lag. In 
practice, Class VII permits the control-valve speed to be raised 
to a proper value and furthermore permits the dead zone to be 
greatly reduced without hunting. As will be seen later, while 
Class XII permits even more rapid control-valve action than 
does Class VII, the valve of Class XII first overswings its control 
point and then returns gradually (without hunting). This may 
be a disadvantage as compared with Class VII, in which the 
valve first moves rapidly to nearly its proper position and then 
gradually approaches it in the same direction. 

Class VIII. Self-Actuating, Integrating, With a displace- 
ment meter this class of regulator shown in Fig. 13 has a charac- 
teristic performance approaching that of the Class VIT regulator. 
Its equation is 
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where q is the metered rate of flow. Integrating z 


Q, Q, [48] 


where Q, and Q, are, respectively, the paced total at the set rate 
and the metered total, at any given time. This is a highly 
stable control that is not yet as widely used as its inherent 
simplicity and stability merits. 

Since the average rate is maintained constant in a nonhunting 
manner, this class should be particularly useful in firing such 
units as oil stills. 
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Fic. Crass VIII 
(Self-actuating, integrating.) 


Class 1X. Pilot-Governed, Classes III and IV With Pressure- 
Compensated Controller, Integrating. In this class regulator, 
shown in Fig. 14, the reservoir level affects the meter which in 
turn operates the pilot. The piston of the actuator for the 
controller thus integrates the departures of the variable from 
its set rate and compresses a spring accordingly. The pressure 
in the input line acts on a diaphragm to oppose this spring. 
Assuming that the controller moves from its minimum to maxi- 
mum opening in such a short distance as not to appreciably 
alter the spring’s compression, the input rate is seen to depend 
upon the departures integrated as above. The action of this 
regulator is roughly according to Equation [47], but with the input 
pressure P, substituted for the valve position y so that 


This regulator is suited for accurate firing of an oil still, as 
is Class VIII, since it governs the input according to the average 
need. The pressure compensation is also advantageous where 
the supply pressure fluctuates considerably. It may be noted 
that this pressure compensation is not a true follow-up, as de- 
fined, since it does not coact with the meter itself. It further 
may be desirable, as in temperature control without hunting, 
to use a highly sensitive and accurate meter and after integrating 
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all of the minute departures provide a “loose-link’’ so that the 
controller moves only when the accumulated departures reach 
a given value. 


LAP RISUMED 


Fig. 14 Crass IX ReGuLator 
(Pilot-governed, Class III regulator with pressure follow-up, integrating.) 


Class X. Pilot-Governed With Interrupter. In this class of 
regulator, shown in Fig. 15, the pilot desirably produces a pro- 
gressively slower motion of the controller as the meter approaches 
the set value. This may be provided, as shown, by cyclically 
interrupting the motion of the controller for durations increasing 
as the set value is approached. Another common way of achiev- 
ing this same end with hydraulic pilot valves is to adapt them 
to throttle the pilot stream so that it moves the controller more 
slowly as the set value is approached. This refinement con- 
siderably improves the performance of almost any pilot-governed 
regulator. 

This tapering-off principle is used in most industrial regu- 
lators. However, this is not the equivalent of a true damping 
action. By oppositely locating the rotating contacts, they may 
be given a slight overlap so that no band exists due to the equiva- 
lent of lap; however, a slight lap (dead zone) is generally pro- 
vided to minimize hunting. 

Class XI. Pilot-Governed, Class X With Slow Cyclical Oscilla- 
tion of Set Point. This class of regulator is shown in Fig. 16. 
Another class, in which the set point is continuously oscillated 
is the aggravational temperature regulator in wide use in house 
heating. In this class of regulator, the set point is cyclically 
oscillated slowly enough about its mean value to cause the heater 
to operate for durations varying with the room temperature. 
This class thus uses the interrupter principle of Class X. 

Class XII. Pilot-Governed, Phase Shift With Reversal at Control 
Point. This class of regulator is shown in Fig. 17. By introduc- 
ing a time lag in the response of the meter by throttling b’, a sepa- 
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Fie. 15 Ciass X REGULATOR 
(Pilot governed with interruptor.) 


Fie. 16 Crass XI 
(Pilot-governed, Class X regulator with slow oscillation of control point.) 
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rate portion thereof, the momentary response of the meter is 
exaggerated so that the controller starts rapidly to make the 
appropriate correction. However, the effect of the departure 
persists in the delayed-action portion of the meter so that the 
net metering response is soon reversed thus bringing about an 
asymptotic restoration of the variable to the set point. Its 
equation is 


y = ki(z —2z,) —k Jf (2 [50] 


This principle is used in many and diverse forms of industrial 
regulators. It has the advantage of unequaled liveliness with 
stability. However, the controller moves a considerably greater 
distance than that of the standard Class VII, which may not be 
desirable, e.g., where sedimentation or other factors make it 
necessary to disturb the flow rate as little as possible consistent 
with the desired closeness of level regulation. 


Fie. 17 Crass XII 
(Pilot-governed, phase shift with time lag to give reversal at control point.) 


Remarks. The classification given in this paper, like any 
other which is even moderately consistent, is not universally 
applicable. Thus, for aid in selecting a regulator suited to a 
given service, one would probably find a different classification 
of greater use. The classification given in this paper is pre- 
liminary and is not complete. For example, it should be ex- 
tended to include that useful class of regulation wherein the 
input and output rates are maintained in a proportion which 
depends upon the reservoir level. This mode may be illustrated 
simply by modifying the valve’s diaphragm of Class IX to be 
actuated by a differential pressure with the input pressure above 
and the output pressure below the diaphragm. Also, the 
analysis may well be extended to include safety valves and other 
pressure-relief valves. 

An attempt has been made in the classification given in this 
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useful and simple a manner as possible. 


CHARACTERISTICS OF REGULATOR ELEMENTS 
METERS 


A metering element, regardless of its nature, is suitable 


for controlling the value to which it responds, in so far 
as it has the following pertinent characteristics: (1) sensitivity, 
(2) accuracy, (3) speed of response, and (4) a definite law of 
changes of indication as the control point is departed from. The 
metering response lag for 1 per cent change of the variable in- 
creases with most types of meters as the set regulating value 
is approached. Also some meters have much more response 
lag in some parts of the scale than others, for example, flow 
meters tend to be sluggish at low rates. 

Flow Rate. The displacement type of fluid meter is geared 
directly to the flow and so has no response lag, a considerable 
advantage. The head-type flow meter used with a diaphragm 
has only slight response lag so that industry contains numerous 
examples of successful diaphragm-operated controllers. While 
the U-tube-manometer type of flow meter is slightly slower, 
this may have to be damped in conventional-type mercury 
manometers to eliminate surges due to the inertia of the heavy 
liquid. Even though theoretically this further increases the 
amount of compensating damping needed in the dashpot to 
offset the extra response lag thus introduced, actual experience 
shows that such throttling occasionally must be resorted to. 
The scale law of the square-root chart orifice meter puts a con- 
troller to a considerable disadvantage as regards range, relative 
to the more expensive design that gives even-rate spacing. Al- 
though generally impracticable, it may be observed that a 
logarithmic scale would be ideal in this respect where a true 
average value is unimportant. 

Pressure. Pressure controllers, either of the metallic dia- 
phragm or Bourdon-tube type, are usually speedy enough in 
response to be satisfactory for controlling. However, con- 
trollers for the level of liquid in a reservoir sometimes use a large 
float in a well connected with the reservoir by a considerable 
length of small pipe. This combination is likely to introduce an 
excessive response lag that makes satisfactorily stable con- 
trolling difficult. 

Temperature. The thermometer, whether of the thermo- 
couple, bimetallic-strip, liquid-, vapor-, or gas-bulb type, in 
the usual temperature controller should respond with reasonable 
promptness to changes in temperature relative to the storage lag. 
An occasional installation has such a small storage lag that the 
response lag of a bimetallic type of thermometer may be exces- 
sive. In such cases, prompter acting types are used and some- 
times with means to circulate fluid past the thermometer. 

Cyclical Operation. A meter and controller cyclically operated 
(or intermittently operated) inherently has an excellent regu- 
lating characteristic in those cases in which it ascertains the 
then value of the variable, makes a controlling effort, and 
then waits long enough for this to affect both the variable and 
the response of the meter to the variable (thus eliminating any 
tendency to hunt due to response lag) before again acting. 


GOVERNING MEANS 


Since the governing means connecting the meter and the valve 
forms the principal topic of the theoretical portion of these notes, 
it is desirable to refer to the usual elements involved in the govern- 
ing means. 

Follow-Up. Various link and cam arrangements have been 
worked out to give the follow-up a properly graduated relation 
to the movement of the valve and so give uniform stabilizing 
action over the entire operating range. These refinements 
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are particularly required for controlling large hydraulic turbines 
where they drive a-c generators to maintain practically exact 
frequency. A common follow-up is by the use of pressure: 
For example (1) in gas-firing a boiler, the pressure of the gas to the 
burners is advantageously used as the follow-up; and (2) where 
there is danger of reaching an excessive furnace-temperature, 
either the meter or follow-up may contain means to prevent 
this by including an auxiliary thermometer responsive to furnace 
temperature. This latter scheme is not to be confused with 
the use of a multiple thermocouple with a lagged element, which 
gives an exaggerated momentary response upon a change and 
an asymptotic restoration to the control point with a reversal 
of controlling impulse if it is approached too rapidly (see 
Class XII). 

Dashpot and Spring. The form of dashpot used to give sta- 
bility varies with the controlling medium: Piston-and-cylinder 
dashpot for large liquid-operated controllers; expansible-metal 
diaphragms with small liquid- and air-operated controllers; 
thermal and kinetic means for electrically operated controllers 
where appreciable response and storage lags exist. As brought 
out in the theoretical discussion of dashpots and their equivalents, 
an integrating means can be made to give a fair degree of sta- 
bility and have the definite advantage for some purposes of 
giving a true average value of the controlled variable in spite of 
the normal variations. . 


CONTROLLERS 


While valves are used primarily for controlling the flow rate 
of fluids, this is generally for the purpose of controlling such 
items as temperature, pressure, level, or reagent concentration. 
They form a surprisingly large percentage of the controlling 
means used in industry today. At the same time, it is note- 
worthy that another commonly used controller is electrical, 
e.g., resistance automatically varied to regulate such items as 
temperatures, motor speed, a-c frequency or voltage. 

There is a general tendency to use valves which are too large. 
Loss when wide open is actually of less consequence than proper 
regulating with a partly closed valve. The butterfly valve, 
with a linkage giving it reduced motion when nearly closed, leads 
all competing nonproprietary forms of valves from the stand- 
point of a desirable controlling characteristic. For large sizes, 
the butterfly valve has no equal. See Fig. 18 for characteristics 
of typical valves. 

The gate valve gives low loss and so is suited for fair sizes. 
When nearly closed, its opening width should be narrowed. 

The common-type plug valve, cone-type in large sizes, is 
excellent as regards low loss but its performance when nearly 
closed is not as well suited for controlling as is that of the butter- 
fly unless a proper compensating linkage or cam is provided. 
On the other hand, the plug valve has the characteristic, always 
desirable from the standpoint of hydraulic engineering, of having 
a high ratio of area to perimeter of opening—this acts to eliminate 
uncertainty in the controlling relation with the accumulation of 
deposits, or erosion, with time. This design thus has minimum 
likelihood of jamming on solids strained out of the fluid carried 
in the main. 

In small sizes, hydraulically balanced piston valves with V- 
shaped openings, tapering to a narrow slot when nearly closed, 
are widely used. In intermediate sizes, this design gives way 
to the balanced poppet valve and in some designs the passages 
are streamlined to give a tapered-plug effect. In large sizes, 
this tapered-plug design is modified to the familiar Johnson 
valve with its single annular opening and its plug hydraulically 
balanced by a piston-and-cylinder valve. 

Where water hammer would result in long penstock lines 
from a sudden change in the position of the valve, an automatic 
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unloading by-pass valve or deflecting means may be provided 
to maintain the turbine speed within proper limits without 
damage to the hydraulic system. Excessive use of such by- 
passing arrangements may lower the average efficiency of opera- 
tion. In general, it is far better practice to provide a proper 
combination that utilizes the entire flow except, possibly, under 
emergency conditions. 
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Fie. 18 CHARACTERISTICS OF TYPICAL VALVES 


(Data from “A Treatise on Hydraulics,’’ by H. J. Hughes and A. T. Safford; 
The Macmillan Co., New York, 1916; first edition 1911, reprinted 1912, 
1913, 1914, and 1916.) 


Valve Actuators. Valves with shafts rotating in stuffing 
boxes are generally preferred to those having longitudinally 
moving stems for industrial controllers, where this is consistent 
with the actuator used. 

Self-Actuating Controllers. There are many self-actuating 
controllers in use. These vary from elementary damper and 
level controllers, e.g., steam traps, to the large and precise rate- 
of-flow controllers in filtration plants. When the actuator is of 
adequate size, such controllers operate with unsurpassed speed 
and stability. Furthermore, their maintenance and operating 
expense is generally a minimum. 

With a self-actuating regulator, the effect of throttling on 
the meter is to slow down the valve as well, thus helping avoid 
the overtravel which would otherwise result from the slowing 
down of the meter. This helps the self-actuating type to out- 
perform the pilot type in regard to tendency to hunt. 

Pilot-Type Controllers. Actuators for valves, or other con- 
trolling means, are of widely differing types: Hydraulic piston- 
and-cylinder controllers, usually for liquid operation; dia- 
phragms, usually for air, steam or gas operation; and motor, 
solenoid and thermal means for electrical operation. 

The hydraulic cylinder acts to integrate the liquid impulses 
from its pilot valve in a direct manner. The gaseous-fluid dia- 
phragm may have a large change of effective area and spring 
tension which complicate the simple integration of pilot impulses. 
Further, such fluids are compressible and so the storage capacity 
of the pilot, diaphragm and connecting lines becomes a factor. 
Advantage may be taken of these characteristics in commercial 
controllers. The common, simple air-operated controller is 
typically adjusted to hunt slightly but continuously, while the 
common, simple hydraulically operated controller usually 


settles somewhat sluggishly to a locked-in position; of course, 
these observations need not apply to improved systems which 
have adequate stabilizing means, with ample sensitivity, speed 
of response and power. The simple solenoid and simple motor 
types of electrically operated controllers generally produce an 
incessant operation of the valve, unless provided with follow-up 
means. The thermo-electrical operating means generally gives 
a fairly steady but slowly oscillating movement of the valve. 
It is of secondary interest as to whether or not the valve hunts 
continuously or remains quiet as long as the controlled variable 
is nearly at its proper value, there being probably more off-on 
regulators in service than all other classes together. This oscilla- 
tion of a controller valve around its proper controlling position 
should be distinguished from the serious hunting set up where 
lag causes the controlled variable itself to oscillate widely. In 
other words, it is generally essential that the controlled variable 
does not hunt widely but it may be unimportant that the means 
controlling the variable has a continuously oscillating motion, 


CoNncLusion 

While different classes of regulators are best suited for different 
services and purposes, any asymptotic return regulator is the 
minimum that can give stable control to a point with reasonably 
prompt action. However, for many services, such a stable 
controller would be uneconomical; a sluggish or slightly hunting, 
but cheaper, controller being far better than no controller at all. 
This is true of many draft, damper, level, pressure, and simple 
temperature controllers. 

In cases where it is desirable only that a certain maximum 
value not be exceeded, the use of any regulator having a point 
characteristic is likely to be acceptable, even though the con- 
troller hunt appreciably. Again, for firing stills and boilers, it 
may be less desirable to control precisely to a point than to have 
the average value of feeding fuel, for example, maintained in 
constant ratio to the average rate of feeding water to the boiler. 
In such cases, it is logical to use an integrating instead of dashpot 
means to bring the valve to a stop before it overtravels, since 
this gives a true average value and is only slightly slower in 
action for a given degree of stability than the dashpot means. 
However, where the controlling action must be lively and with- 
out hunting, either Class VII or XII controllers usually will be 
satisfactory when their speed, range, and damping are properly 
balanced, which is not a difficult job. 

There is generally considerable advantage to a user in being 
able to readily adjust the constants of the individual regulator 
to suit the particular installation on which it is then used. It is 
seldom that the pertinent data affecting the performance of « 
regulator are available at the time of ordering it, or even when 
putting it in service. Consequently, the regulator’s flexibility 
and usefulness is in general increased if it is provided with con- 
veniently accessible adjusting means. It is particularly im- 
portant that such adjustments can be made without interfering 
with the action of the regulator in any way. 

Another sometimes important or even vital point is the ease 
of changeover from manual to automatic control and vice versa. 
It is generally ideal to have such an arrangement in which the 
operator can take over the control at any time and yet have the 
controller function reliably under any conditions which may arise 
when starting up or shutting down the controlled process - 
times when the operator is likely to be far busier than when the 
process has steadied down at the control point. 

Again, the action of controllers under emergency condition= 
must be considered. For example, with a power failure it may 
be desirable for a controller valve to do one of three things: 
Remain in its last-set position, open wide, or close shut, depending 
upon the requirements of the installation. 
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A principal factor in the economic operation of modern process 
plants is generally the rational balancing of automatic and 
manual control. Except for test periods when an unusually 
well-trained personnel is available, it is found that automatic 
control is more accurate and, on the average, more consistent 
than manual control. However, where an operator must be 
on the job anyhow and accurate control produces no savings 
over that maintained by the average operator, there may be 
no point in tying up capital in an automatie regulator. Where 
a question exists, it is generally advisable to install a chart re- 
corder giving a continuous record, day in and day out, for a 
reasonable period before deciding the matter. 

Maintenance and operating costs for automatic controllers 
are in most cases more important than first cost, including that 
of installing and adjusting the controller. Air-operated con- 
trollers can be compared with hydraulically and electrically 
operated controllers only on this basis. The first cost of the 
controller alone is not sufficient for a fair comparison. It should 
also be kept in mind that steam, air, water and oil lines cannot 
be successfully strung around like electrical supply wires without 
regard to depressions and summits causing traps which may 
jeopardize the reliability of controlling. 

When the power supply fails, the valve of an electrical motor- 
actuated regulator generally remains in its last-set controlling 
position. It is also desirable to have a hand wheel attached to 
the valve so that it then can be moved manually, without re- 
quiring any other operation. An advantage of the electrical 
type of controller is its flexibility of installation and ease of re- 
mote setting and recording of the value controlled. Experience 
in oil refineries with temperature controllers has brought out 
the fact that when the electrical supply fails, the still operator 
is without most of his instruments and there is usually little 
point in operating blindly very long. In other words, when the 
power fails, it does not matter greatly if the controllers fail to move. 
Their stopping in their last-set position is generally desirable. 

As noted in the preface, this paper has been prepared primarily 
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to stimulate activity leading to an A.S.M.E.-sponsored research 
report crystallizing the varied terminology of the present and 
thus facilitating the understanding of this intriguing art. The 
author hopes that the discussion of this paper will emphasize 
the desirability for some A.S.M.E.-sponsored publication along 
these lines. The purpose of the paper will have been adequately 
fulfilled if it leads to the formation of an active group which will 
proceed to encourage the early publication of further work on 
this subject. 
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The Uniform-Section Disk Spring 


By J. O. ALMEN! anp A. LASZLO,? DETROIT, MICH. 


The authors point out in this paper that initially coned 
annular-disk springs of uniform cross section may be 
proportioned to give a wide variety of load-deflection 
curves not readily obtainable with the more conventional 
forms of springs, and that, although the versatility of this 
type spring has long been indicated, the formulas avail- 
able have not been presented in a manner to disclose 
readily the effect of spring proportions on characteristics. 
Therefore the authors have derived the formulas presented 
in this paper with the intention that the formulas will aid 
the designer in arriving at suitable characteristics by 
choice of spring geometry. These new formulas have 
been in use for several years at the General Motors Cor- 
poration research laboratories section, and their re- 
liability has been checked by tests of springs used in a 
variety of special test equipment. 


N ADDITION to compactness along the axis of loading, the 
| initially coned, annular-disk spring of uniform cross section 
may be proportioned to give a wide variety of load-deflection 
characteristics not readily obtainable with the more conventional 
forms of springs. By the simple expedient of varying the free 
cone height and the working range of deflections, spring rates 
may be varied from positive to zero to negative. The load- 
capacity and deflection range may be varied by the use of multiple 
springs arranged in series and/or parallel. 

The versatility of the annular-disk spring has long been in- 
dicated. However, the formulas heretofore available have not 
been presented in a manner to disclose readily the effect of spring 
proportions on characteristics. Hence the designer could not 
make full use of this type of spring. 

In this paper, it has been attempted to present formulas in a 
manner to aid the designer in arriving at suitable characteristics 
by choice of spring geometry. These new formulas have been 
in use for several years at the General Motors Corporation 
research laboratories section, and their reliability has been 
checked by tests of springs used in a variety of special test 
equipment. Experience has covered springs varying in outside 
diameter from 1 in. to 12 in., springs with ratios of outside to 
inside diameter from 1.4 to 5.5, and springs with ratios of free 
cone height to thickness giving practically the full range of 
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characteristics plotted in Fig. 3. The present formulas are 
shown to be reliable for prediction of load-deflection curves. 
Lack of information on true stresses does not detract from their 
utility. Computed permissible maximum stresses for static 
loading are quite high, in the neighborhood of 220,000 Ib per 
sq in., but experience indicates that these values may be used 
for design purposes when using plain carbon steel. In dynamic 
applications, fatigue tests are required. 

Fig. 1 shows the type of load-deflection curve given by the 
diaphragm spring found in the ordinary oil can. It will be 
recalled that, as the oil-can bottom is deflected, we must at first 
exert considerable pressure and that, subsequently, the pressure 
required decreases in a manner similar to that shown in Fig. 1. 
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ANNULAR-DISK SPRING 


We will find occasionally a damaged oil can in which the bottom 
fails to come back. This will happen when the negative-rate 
portion of the load-deflection curve extends into the region of 
negative load as indicated by the broken-line curve. In this 
case, the diaphragm will be stable in the position indicated by 
the letter B as well as at the point O. 

Our present interest is, however, in the annular-disk spring 
of the type shown in Fig. 2. Assuming first that angular de- 
flection of the cross section is relatively small, second that the 
cross section remains undistorted in the deflected position, and 
third that loading and support are uniformly distributed around 
the respective circumferences, we obtain the following formulas 
for dished springs. 

The formula for the load is 
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The maximum stress in the upper edge is 


E3 5 
S = ay h— Ca 
Mat | ( 


The maximum stress in the lower edge is 


5 
2) 
(1 —o) Mal iC 


where a = outside radius = half outside diameter, t = thickness, 
h = free height = height of truncated cone formed by the upper 


h 0.100" 
i 


~ 1000 
0 0.1 0.2 03 04 0.6 0.7 xs 
Deflection,In. 


Fig. 3 COMPUTED CHARACTERISTIC LOAD-DEFLECTION CURVES OF 
Six Disk SprinGs IpENTICAL Except FoR FREE HEIGHT h 


| 
| 


Load,Lb 


QO 0004 0008 0.012 0.016 0.020 0.024 0.028 0.032 
Deflection,In. 


Fig. 4 Loap-DEFLEcTION CURVE FOR AN INITIALLY Fiat Disk 
SPRING 


or lower surface, 5 = axial deflection, EH = modulus of elasticity, 
o = Poisson’s ratio, M, C,, C2 = constants given in a function 
of outside-diameter-inside-diameter ratios. The values of these 
constants are given in Fig. 18. 

The derivation of these approximate formulas and the manner 
in which they are used is discussed in detail in Appendixes 1 and 2. 


Loap-DEFLECTION CHARACTERISTICS 


Fig. 3 shows load-deflection curves calculated for a series of 
springs having the same diameter and thickness but varying 
in initial cone height h. 

That these theoretical characteristics are obtainable in prac- 
tice is shown by Figs. 4 to 7, inclusive, which cover outside 
diameters from 1 in. to 12/, in.; outside-diameter-inside- 
diameter ratios from 1.7 to 4.25; and cone height-ihickness 
ratios from 0 to 2.5. The agreement between theory and test 
is noteworthy. 


In calculating the curves shown in Fig. 3, the load was assumed 
applied in the direction indicated. Another group of curves 
can be obtained from the same springs by applying the load in 
the opposite direction, as shown, for example, in Fig. 8. 

Springs having load-deflection curves of the type h = 0.141 in. 
shown in Fig. 3 and the lower curve in Fig. 8, are often very 
useful inasmuch as they have a deflection range in which the 
load changes only very slightly, that is, a deflection range of 
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low spring rate. This type curve is obtained when h is of the 
order of t+/2. By making h somewhat greater than ¢ \/2, & 
region of slight negative rate is obtained, which increases the 
total deflection range of low spring rate. Where permissible, 
this is a useful expedient. When such low-rate springs are used, 
they permit fairly wide tolerances in the preload deflection 
without alteration of load. As discussed later in this paper, 
the actual load given by the spring may, if necessary, be readily 
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Kie. 9 Tattstock Center Disk Springs 


varies inversely as the length of the arm of the couple tending 
to rotate the eross section, and the deflection at the load varies 
directly as the length of the arm of the couple tending to rotate 
the eross section. The test curves shown in Fig. 10 show also 
the friction hysteresis loop resulting from the slight slip that 
oecurs between the loading ring and the spring, and between 
the spring and the supporting ring, when these members are 
rigid. The width of the loop appears to bear no fixed relation 
to the load, as found also in other tests. Disk springs loaded 
in parallel have interspring friction, whereas springs loaded in 
series have friction at the loading and support points only. 
Hence, the amount of friction damping may be varied by a se- 
lection of series or parallel combinations. 

Fig. 11 shows load-deflection curves obtained by stacking 


Fig. 


point of loading. 
An example of a machine design using such low-rate disk 3600 
springs is shown in Fig. 9, wherein a live tailstock center is ia Baers became. 
shown equipped with two disk springs in parallel arranged to 3200 = ST | | 
tuke the thrust load of the bearings. The springs have a de- / 
flection range of 0.1 in. in which the load is practically constant, 2800 y “By | Test | | | ed _ 
thus allowing for werk expansion when long pieces are being j | be---6.375 =f 
machined without overloading the tailstock bearings. ! —— 
Fig. 10 shows how the load capacity may be varied without | | Ps 
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several springs in a series-parallel combination. As predicted 
by theory, the deflection range of the single spring is tripled and 
the load capacity is doubled. 

The effect of the outside-diameter-inside-diameter ratios on 
the flexibility of disk springs is shown in Fig. 12. The curve 
in this figure considers an initially flat spring of given diameter 


h 0.100" 
5 
10 
4. 300,000 ‘ 
= 
| <i Fd 7 
100,000 


on 


com press 


Fie. 13 ComputTep Maximum Stresses For Six Disk SprinGs 
IDENTICAL Except FoR Free HEIGHT 


(Solid lines show stress at upper edge of inner diameter. Dashed lines 
show stress at lower edge of inner diameter.) 


2000 alll 120,000 
+ y 
| Stress | c 
| +--5.625-> | | 
| 
1200 ‘Compute 72,000 & 
3 
© 800 48,000 c 
| 
o 
400 24,000 v 
0 


0 
9 005 Of O1 O2 O25 03 035 O4 
Deflection,In. 


Fie. 14 Loap-DEFLECTION CURVE oF A Disk SprinG HAvING A 
Wipe Zero-Rate RANGE 


stressed to 200,000 lb per sq in. maximum under a 4000-lb load, 
the spring thickness being varied as shown to maintain these 
conditions. It will be seen that the maximum flexibility is 
obtained when the outside diameter is approximately twice the 
inside diameter. These are also approximately the proportions 
for best resiliency or the maximum ratio of energy storage to 
spring weight. The resiliency of uniform-section disk springs 
is somewhat lower than for most other forms of springs due to 
the nonuniform stress distribution. Somewhat better resiliency 
can be obtained from disk springs with radially tapered sections 
as shown by Brecht and Wahl? but the added resiliency of such 
springs is obtained at the expense of increased cost. As a rough 
approximation, it may be said that the uniform-section disk 
spring has a resiliency one half that of a coil spring. 


*“The Radially Tapered Disk Spring,” by W. A. Brecht and A. 
M. Wahl, Trans. A.S.M.E., vol. 52, part 1, 1930, paper APM-57-4, 
pp. 45-55. 


TANGENTIAL STRESSES IN ANNULAR-DISK SPRINGS 


True stresses in the annular-disk spring are unknown. How- 
ever, a background of experience is available which has estab- 
lished theoretical values which may be used for static loading. 
In dynamic applications, fatigue tests must be made. 

Fig. 13 shows calculated stress-deflection curves for the springs, 
the characteristics of which are shown in Fig. 3. The solid 
lines in Fig. 13 are calculated for the upper edge of the inner 
circumference and the dashed lines for the lower edge of the inner 
circumference. Usually it is sufficient to calculate the stresses 
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Fig. 15 Computep Stress DistrisuTion Over THE WIDTH OF 4 
Disk Sprinc. Sprina@ oF Fia. 14 Deriectep To Position 


at the two edges of the inner diameter only since, except in 
special cases, the limiting stress occurs at one or the other of 
these locations. If we assume a maximum permissible stress 
of 200,000 lb per sq in., it will be noted that, for the spring 
proportions shown in Figs. 3 and 13, this stress is first reached 
in tension on the lower inner edge except for the spring having 4 
free height of h = 0.350 in. which has a higher compressive stress 
at the upper inside edge between 0.3 in. and 0.6 in. deflection. 

In addition to the load-deflection curve, Fig. 14 shows 4 
calculated stress-deflection curve for a so-called zero-rate spring 

= t+/2). These stress values are for the upper edge of the 
inside circumference. 

In Fig. 15, the diagram shows in qualitative manner the stress 
distribution across the radial width of the disk spring shown 
in Fig. 14 when deflected to the flat position. Note from Fig. 
15 that the upper surface is stressed in compression and that the 
maximum stress occurs at the edge of the inside diameter. The 
lower surface is stressed in tension but nowhere is the tension 
stress as great as the maximum compression stress on the upper 
surface. The stress in the central cone B-B is also shown, 
mainly to call attention to the fact that in springs of this type 
the central cone is not a neutral surface. The basis for the 
stress distribution as shown in Fig. 15 will be apparent from 
Fig. 17 and from Appendix 1 where the formulas are derived. 
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Fig. 16 shows the stress distribution across the thickness at 
the inner circumference for this same spring and for the same 
conditions as for Fig. 15. The stress at the upper and lower 
edges will, of course, be the same as for Fig. 15. The stress at 
intermediate points is represented by the line joining these 
extremes. 

It must be noted from Fig. 15 that the stress distribution 
for other springs will be different from that shown and will also 
be different for other deflections of the same spring as may be seen 
from Fig. 13. 

In the practical design of disk springs, it is found that they 
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will function satisfactorily under static loading when operating 
under computed stress as high as 200,000 to 220,000 lb per 
8q in. even though made from steel having a yield point of 
120,000 lb per sq in. The apparent high stress capacity of 
disk springs may, in part, be due to shortcomings of the stress 
formula, due in turn to simplifying assumptions. These high 
values for computed stress are at the inner circumference. If 
it is assumed that the stress exceeds the yield point, there must 
be a redistribution of stress due to localized yielding. If, when 
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loaded, the stress in the more highly stressed regions of the disk 
spring were redistributed as a result of yield, it follows that the 
unloaded spring will have residual stresses. This is substan- 
tiated by the fact that tests show a small initial loss in free cone 
height. The stress distribution, as shown by Figs. 15 and 16, 
suggests that important increase in fatigue life should result from 
careful rounding of the corners of disk springs. Limited test 
data support this view. 

The safe stress of disk springs will, of course, vary with the 
type of service. There are not sufficient data now available to 
fix stress limits for dynamic applications. The fatigue tests 
which have been run indicate that, for a moderate stress range, 
a computed maximum stress of 180,000 lb per sq in. may be 


used. Only fatigue tests on actual springs can finally determine 
the true working limits. 


Appendix 1—Derivation of Formulas for Disk 
Springs 


The following nomenclature is used in deriving the formulas 
for disk springs: 


= outer radius of disk 

= inner radius of disk 

= distance of neutral axis to center 

= a/b = outer radius/inner radius 

initial cone angle of disk 

= change of cone angle due to load P 

= axial load, uniformly applied around circumference 

= free height of disk, measured as the elevation of the 
truncated cone formed by either the upper or lower 
surface 

= axial deflection of disk 

modulus of elasticity, taken as 30,000,000 lb per sq in. 

= maximum stress 

= spring rate 

strain energy 

resilience 

Poisson’s ratio, for steels = 0.3 

radial strain 

tangential strain 

change of radial curvature 

= change of tangential curvature 

= flexural rigidity 
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GENERAL CaseE—INITIALLY CoNnEp Disk Springs 


The method‘ used follows in general that used by S. Timo- 
shenko® by assuming that the radial stresses are negligible and the 
cross section of the disk does not distort, but rather that it 
merely rotates about a neutral point O shown in Fig. 17. 

(a) Load and Deflection. Consider a sector dé of the disk in 
Fig. 17 and in it a strip dz at location z taking O as the origin. 
When the disk is deflected through an angle ¢, this strip moves 
into its position, indicated by dashed lines. The ensuing tan- 
gential strain may be analyzed as the resultant of a radial dis- 
placement dr and a rotation g. The first of these causes a uni- 
form strain throughout the thickness of the disk if one neglects 
the small variation in distance to the center of the disk at various 
points of the section. The second results in a tangential bending 
strain which is zero in the neutral surface and max:mum at the 
upper and lower surfaces. The tangential stresses produced by 
these two components of the strain cause a radial moment 


4 A similar method was used by W. A. Brecht and A. M. Wahl in 
developing equations for radially tapered disk springs. See Trans. 
A.S.M.E., vol. 52, part 1, 1930, paper, APM-52-4, p. 65. 

5 “Strength of Materials,” by S. Timoshenko, D. Van Nostrand 
Company, New York, N. Y., 1934, vol. 2, p. 527. 
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about point O which resists the moment created by the external 


forces. 

Calculating the tangential stress due to the radial displacement 
and first, we can write: 
The length of section dx before deflection 


l, = d@ [c — cos 8] 
After deflection 
l, = dé [c 
The change in length 
l, —l, = do [—z cos B (1 


Substituting for small angles 


x cos (8 — ¢)] 


cos ¢) + zsin sin ¢] 


. 
cos 8 = 1; sin8 = 8; sing =¢; 1—cos¢g = 2sin?¢ = 


—k = dore (8 — ¢/2) 
and the tangential strain will be approximately 
= ¢ (8 — ¢/2) 

c—z 


= 


The tangential stress® 


E 
Since it was assumed that the radial stresses are negligible, we 
can write 


Ee Exe (8—¢/2) 


1—o? (1 —o*) (ec—2z) 


As a next step, we calculate the radial moment of the tangential 
forces in the section about point O. 


dM,’ = S,'tdxrdéx sin (8 — ¢) 
Substituting sin (8 — ¢) = 8 — ¢gand also Equation [1] 


dM,’ = Etdoe (8 — ¢) (8 — ¢/2) x? dx 
(1 — (c — 2) 


and integrating from z = c—a to x = c — b, we get the inter- 
nal moment of the sector about O. 


_ Etdag (8 — ¢) (8 — ¢/2) 


1 — o? 


1 
E (a? — b*) — 2c (a — b) 


+ clog” |... [2] 
c* 10; 


Calculating now the tangential stress due to the bending 
strain mentioned above, we can write the expression for the tan- 
gential bending moment per unit length.’ 


M, = D (ke + ok) 


This expression is positive as the change of curvature is posi- 
tive in the case of a conical shell decreasing its height. 

Bending in the radial section being neglected, we have for a 
section of length dz 


dM, = Dx, dx = dc 
The tangential curvature of the unloaded disk is approximately 
sin B 
c—z 


°“A Treatise on the Mathematical Theory of Elasticity,”’ third 
edition, by A. E. H. Love, Cambridge University Press, London, 
England, p, 533. 

7 Tbid., 1290, p. 533. 


and that of the deflected one 
sin (8 — ¢) 
Hence the change of curvature 
sin 8 — sin (8 ¢) 
Ko = 
Substituting sin 8 = 8 
sin (8 —¢) = 8 -¢ 
Hence the moment 
dM, = —— 
12 (1 — o?) — x) 
Then the tangential stress at the surfaces 


dM, E 


(1 —o?) — 2) 
and at any point y distant from the neutral surface 


E 
= — y [3a 


The radial component of the moments dM, in sector 4 


a 
2 ~ —o*) (—2) 


Integrating for the whole sector from z =c- -ator =c —b 


e—b 
Et®ed6 dx a 


12(i—e*) 


Summing the radial moments (Equations [2] and [4]) 
the total radial moment. 


1 
M, = M+ M," = AL (a? 2c (a — b) 


+ c? log (8 — ¢) + 2 log ; 

The value of c yet remains to be determined. This we get 
from the conditions of equilibrium on the sector, that the sum 
of all forces acting normal to the cross section must be equal to 
zero. Only stresses due to the radial displacement need be con- 
sidered, however, since those due to bending have no resultant 
tangential force at any section z. 


S,'tdr = () 


or substituting S,’ from Equation [1 } 


e—b 
from which we get 
b 
(5) 
lo 
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Fig, 


| 
* 
an 
a 
4 
abi 
> 
| 


h 
or since 8B = — 
we get 


log 
a—i tee) \e—1)  & Es y( ‘) 
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Substituting this into the moment equation Es é\ it t3 
P = — —| (hk — 8) h — + — 
1 : (a—b)? (a—b)? (1 — o?) a? 2/M N 
y, — 25 —— + 
M, = S na gt | 2 log ns log ' Investigation of simultaneous values of M and N show them to 
b b 


be equal for practical purposes, so that 
¢ t3 a 
(3 a(s log 7 
2 12 b (1 — Ma® ( ) + 
outside diameter 


The value of M for various ratios of —— - 
P b) a inside diameter 
(a — b) ds plotted in Fig. 18. 


The external moment on sector dé equals 


2x (b) Mazimum Stress. The total tangential stress is the sum 
This must equal the internal moment, hence of its two components S,’ and S,”._ Adding Equations [1] and 
3a 
(a b) do S = S,' = z) E (. 4 + [8] 
Substituting the expression for M, and also 
h Its maximum value is reached at 


8 = 


t 
y =-andzr =c—b 


(1 — (a — b)?L \b 
8 a \*\ 
b 
—- :) + 6 x log a ) { Substituting = and 


b a 


(1 —o?) a? 


Let us call 
log a a— log @ x log 
2.18 and 
1.0 20 2 
09 / 2 2 xrlogea x log 
VA £ 6 a—1\* 
0.8 — 185 where M = N = from Equation [6] 
x log a a 
+ 0.7 A 
+ 0.6 E | ( 5 
S = ——— | ¢,|h—- Cott... .....8 
505 / (1 — Ma? 1 4 2 [9] 
OA 14 Values of C, and C, are plotted against outside-diameter/ 
+ / NG rs inside-diameter ratio in Fig. 18. 
» o> 7 aes a> If the maximum stress in the lower edge is sought, evidently 
= / — t/2 has to be substituted into 8 and the stress equation becomes 
§ 0. 
0.1 fA S = Ci\h Cat 10} 
W/, | (1 —o*) 2 


Ae) 
10 18 22 26 3.0 34 38 42 46 5.0 
Both Equations |9] and [10] repre’ent compressive stresses 
Inside Diameter as long as the bracketed quantity is positive. Obviously, both 
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By equating Equations [9] and [10] it can be shown that the 
numerical value of the stress in the lower edge reaches that of 
the upper edge at a deflection 6 = 2h. It follows that at 5 < 2h 
deflections, Equation [9] has to be used representing compressive 
stress in the upper edge, while at 5 > 2 h deflections, Equation 
[10] will give the greater value giving the tension stress in the 
lower edge of the spring. 

Because in some cases the maximum working deflection is past 
the point where Equation [9] would give its greatest value, it is 
advisable in doubtful cases to plot the stress-deflection curve for 
both upper and lower inner edges of the spring. 

As seen, for instance, on the last curve A in Fig. 13, the com- 
pressive stress in the upper inner edge exceeds the maximum per- 
missible stress, say 200,000 Ib per sq in. at a deflection of 5 = 0.25 
in., whereas in the deflection range of 0.67 to 0.72 in. both Equa- 
tions [9] and |10] would give lower values than 200,000 lb per sq in. 
If the maximum working deflection is between the two limits men- 
tioned, the calculated stress value at that point would not. indi- 
cate that the permissible stress limit has already been exceeded 
at a much smaller deflection. 

(c) Spring Rate. Differentiating Equation [7] gives an ex- 
pression for the spring rate at any point of the load-deflection 
curve. Designating spring rate by r, we have 


(1 —o*) Ma? 


Equating the bracketed expression to zero, we can find the 
deflections at which the spring rate equals zero, i.e., where deflec- 
tion may be increased without change in load. 

These are 


r 


there will be two real values of 6 corresponding to maximum and 
minimum values of P and the spring rate is negative between 
them, Fig. 6. If h = ¢ +/2, a spring is obtained which has 
only one point where the rate is zero and that at a deflection 
é = h, i.e., when the spring is flattened, Fig. 14. In cases where 
h < t +/2, the spring rate is always positive. 

If the condition for the so-called zero-rate spring 


[14] 
is substituted into Equation [7], we get 


Me 


which is the load carried by such a spring at the point of zero 
spring rate. The corresponding stress from Equation [9] 


(v2 
S= (¥ +4) [16] 


There is a further significant relationship. Considering Equa- 
tion [7], the load P may become zero if the bracketed quantity 
vanishes. Thus writing 


a—a( 
and solving for 8 
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3 fas 
= — 
+ 2t [17] 


h? 
If 2Horh> tvs [18] 


then the load-deflection curve intersects the zero-load axis, that is, 
we have a buckling spring, one which would snap into a new posi- 


h 
tion once deflected beyond a certain point. If 1/2 < 5 < V8 


we shall have a spring with negative spring rate, but one which 
will not buckle. 

(d) Initially Flat Disk Springs. The equations for initially 
flat springs can be derived by substituting h = 0 into those de- 
veloped for initially coned springs. Thus we have for the load 


Eé t 
= 3 
for the maximum stress 
Es 


which in this case is always tension in the lower inner edge of the 
spring. 
From Equation [19], the deflection can be expressed as 
PMa? 1—o? 
Et? 


6 
1+ 0.5 


The rate becomes 


Rt 3 
"= — 3) Ma? (3 


(e) Resilience of Disk Springs. The strain energy for 6 deflec- 
tion is 


If we substitute into this P from Equation [7] and integrate, we 


have 
3 2 
v= Ma [ = + [23] 


The volume of the spring may be written as (a? — b*) rt = 


7 -* #80 the resilience or the strain energy per unit voluine 
a 


E 3? a? 3\? 
f= 2x (1 —o?) Ma‘ 


If the resilience for a given maximum permissible stress is sought, 
the corresponding value of 6 may be computed from Equations 
[9] or [10]. 


Appendix 2—Calculation of Disk Springs 
InITIALLY Conep Disk Sprincs 


When calculating disk springs with large deflections, the 
formulas given in Appendix 1 do not lend themselves to an easy 
evaluation of the dimensions. In most cases of practical cal- 
culation, the load, outside and inside diameters of the spring, 
the maximum permissible stress, and a general type of load- 
deflection curve are given which leaves the deflection, thickness, 
and free height to be calculated. 

Deflection Equation [7] does not lend itself to ready solution 
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even when the thickness and free cone height are known as the 
equation is cubic; therefore, it is recommended that the following 
method of approach be employed. 

As, in most cases, a low spring rate is desirable, assume that 
the desired load is carried by the spring when it has its lowest 


rate, that is, when 5 = h, or when the spring is flattened. Equa- 
tion [7] then simplifies to 
P = [25] 
(1 —o*) Ma? 


The ratio of h/t has to be assumed now, bearing in mind that 
as shown in Appendix 1 if (h/t) < V2 we get a spring with posi- 
tive, though variable, rate as shown in Fig. 5. If (h/t) = VV 2 
the spring will have a point of zero rate as shown in Fig. 14. If 
(h/t) > V/ 2 it will have a range of negative rate as shown in 
Fig. 6. Finally, if (h/t) > V8 it becomes a buckling spring. 
The thickness and free height can now be computed and since 
5 = h, the deflection is also known. These values have to be 
substituted now in Equations [9] or [10] as explained in Appen- 
dix 1, and the maximum stress computed. If that is too high, 
a lower value for h/t has to be chosen meaning, of course, an 
increased spring rate in the flattened position. A few trial 
calculations are usually sufficient. 

If a low spring rate has to be maintained at the specified 
loading, four courses are open: (1) Change the outside-diameter- 
inside-diameter ratio so that it will lie between 1.6 and 2.4; 
(2) increase the outside diameter; (3) decrease the load on each 
spring by using two or more springs in parallel; and (4) increase 
deflection by using several springs in series. 

Example. Calculate a spring with the following data: Load 
P = 1000 lb, maximum permissible stress S = 200,000 lb per 
sq in., outside diameter 2a = 6 in., inside diameter 2b = 3 in. 
From Fig. 18, M = 0.69, C,; = 1.225, and C,; = 1.38; also 
1—o? = 0.91 ifo = 0.3. 

Assuming that a zero rate is desirable when carrying the 
specified load, we take h/t = 4/2, and so from Equation [25]. 


— o?) Ma? 
V2E 


t 


4 
1000 x 0.69 9 
1.414 X 30 X 108 


h = 0.151 in. = 8 
The maximum stress from Equation [9] 


Es h 30 X 10® X 0.151 
~ (1—e*) Ma? + cx) ~ 0.69 X 9 X 0.91 


X 0.076 + 1.38 X 0.107) = 198,000 lb per sq in. 


(1.225 


Now the load-deflection curve can be plotted assuming various 
values of 6 and calculating P from Equation {7]. 


INITIALLY FLAT SPRINGS 


The procedure used for initially coned disk springs cannot 
be used when dealing with initially flat springs. In this case, 
the following method is applicable. Equations [19] and [20] 
for the calculation of load and minimum stressare 


Eé 67 t 
pa (e+e) 


Es 3 
(1 —o?) Ma? (a 


Dividing the two equations and simplifying, we have 


RESEARCH PAPERS 


where A is a function of the ratio t/5 and a. 
Again, from Equation [19], we get 


P = ———_ B 
(1 — a?) Ma? 


25 


The various values of A and B are plotted on a logarithmic scale 
against ¢/5 in Fig. 19. The procedure is that of trial and error. 


[27] 
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Fig. 19 CoNnsTANTS FOR CALCULATING INITIALLY 
SPRINGS 


Firat Disk 


Assuming that the load, the maximum permissible stress, and out- 
side and inside diameters are given, we proceed by taking first an 
arbitrary value for the deflection 5 and calculate the value A from 
Equation [26]. The value of B on the same vertical scale can 
then be read off the curve given in Fig. 19, and substituted in 
Equation [27] which then gives a value for the load. If this is 
higher than the desired load, a smaller deflection has to be as- 
sumed and the process repeated. Vice versa, too small a load 
calls for an increase of 5. After several trials, one can usually 
obtain the desired load, then read from Fig. 19 the value t/3 
corresponding to the value of B used last. This gives all the 
relevant information. 

Example. Find thickness and deflection for a spring with the 
following data: Load P = 2000 lb, maximum permissible stress 
S = 200,000 lb per sq in., outside diameter 2a = 6 in., inside 
diameter 2b = 3 in. 

Then from Fig. 18 the load constant M = 0.69. 

Assume 6 = 0.4 in., then from Equation [26] 
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From Fig. 19, B = 0.21. Again, take 6 = 0.16. Then A = 1.6, B = 0.76 
From Equation [23] q 
an 


p 30_X 10° x 0.4¢ x 0.217 


= 6000 lb 


p — 30_X 108 x 0.164 x 0.76 
0.91 X 0.69 X 3? 


- — = 2010 lt 
0.91 X 0.69 X 32 
As asecond trial, take now 6 = 0.2. ThenA =2. B =0.55and 


If this is considered sufficiently close, we get t/6 = 0.64 from 
30 X 10° X 0.24 X 0.552 ’ 
= = 2570 lb Fig. 19 or t = 0.64 X 0.16 = 0.102 in. 
0.91 X 0.69 X 3? 
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Progress Report on Cavitation Re- 
search at Massachusetts Institute 
of Technology’ 


J. M. Movusson.? The high-frequency apparatus referred to 
by the author to investigate the effects of cavitation deserves at- 
tention particularly because of its simplicity and economy of opera- 
tion. Recently another vibratory apparatus to study pitting has 
been developed by de Haller of the Aerodynamic Laboratory of 
the Swiss Federal Institute of Technology, Ziirich. 
ratus consists of a cylinder and a piston. 
cylinder is of conical shape. 
forms the bottom of the cone. 
into the eylinder. 


This appa- 
The closed end of the 

A small disk-shaped specimen 
Water is admitted through a valve 
The piston connected to an air hammer 
moves to and fro at moderate frequency causing water-hammer 
phenomena. The collapse of the fluid cavities is accelerated due 
to the conical shape of the eylinder bottom and pitting is concen- 
trated on the specimen. 

Since small fluid quantities are required for vibratory appa- 
ratus of this type they may prove very helpful in obtaining further 
knowledge regarding the physical aspect of cavitation, such as the 
influence of vapor pressure, fluid density, and fluid viscosity. 
There is also great need for further study of the form of collapse, 
and the apparatus developed at M.I.T. may be particularly 
suited to obtain moving pictures of the collapse taken simultane- 
ously along three axes vertical to each other which has not been 
possible so far with test stands, using profiles of one type or other. 
Since fluid phenomena are three-dimensional, it is gratifying to 
see that further progress is possible along these lines. 

Although cavitation may be produced in a very pure form by 
the vibratory equipment under consideration, nevertheless there 
may be some doubt in regard to its suitability to determine the 
comparative resistance of materials used for construction as sug- 
gested by the author. The vibrating of the specimens at a high 
frequeney may produce stress and even fatigue phenomena with- 
out having the specimens submerged in the fluid. 

With the specimen submerged, the stress application due to 
cavitation is superimposed upon the inherent stress due to vibra- 
tion which may cause a resultant stress altogether different from 
either of the two superimposed stress applications. If it were 
proved that the stress caused by both types of punishment are 
identical, for which there may be some doubt, we may conclude 
that the inherent stress application due to vibration will simply 
accelerate the stress originating from cavitation without changing 
the characteristics of the punishment. Since in each type of at- 
tack there is one corresponding and specific type of failure, it 
seems essential to guard against any undesirable effects inherent 
in the apparatus. Would it be possible to combine the features 
of the M.I.T. apparatus with that developed by de Haller? In 
doing so the air hammer would be replaced by the electrical vibra- 
tion equipment, and the specimen would rest stationary. 

In view of the short duration of the test, the M.I.T. apparatus 
may appear advantageous in reaching a conclusion. However, 
this shortness in duration may cause misleading results, as certain 


! Published as paper HY D-57-11, by J. C. Hunsaker, in the Oc- 
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physical and chemical phenomena may not fully develop, only 


partly develop, or not develop at all. Yet these phenomena may 
be of far-reaching importance with respect to failure due to cavi- 
tation under service conditions, where sufficient time is available 
for their development. For instance, corrosion is known to be 
conducive to cavitation as it roughens the surface and causes sub- 
sequent local pitting, but in the short time of exposure corrosion 
could not occur and corrosive material may be given a too high 
rating in comparison with noncorrosive materials. 

Similarly if we were to investigate an alloy which is subject to 
segregation or precipitation of some sort due to cold working, 
these phenomena could hardly take place in the limited time 
available. Let us assume that we are investigating the pitting 
resistance of a stainless 18-8 chrome nickel steel not stabilized by 
either titanium or columbium. Let us further assume a carbon 
content of about 0.15 per cent. Based on the results obtained on 
this material with the vibratory equipment we would most likely 
obtain the same rating as a stabilized 18-8 simply because in the 
former material carbide precipitation may not occur in the short 
time available. Under cold working over a sufficient period of 
time, precipitation will take place in the unstabilized material. 
Under service conditions materials are cold-worked due to cavi- 
tation over a long period of time and the writer has an actual case 
in mind where just these phenomena caused failure on an unsta- 
bilized 18-8 welding deposit on a Kaplan turbine, whereas the 
stabilized alloy proved satisfactory under identical service con- 
ditions. 

In course of precipitation chromium carbide is formed along the 
grain boundaries, and along the strain and slip bands. The latter 
will develop in this austenitic material, but time is necessary as 
chromium and carbon molecules must. travel to the erystal boun- 
daries and the slip bands. Sufficient time is required particularly 
for the carbon molecules as they have to travel a greater distance 
due to the low carbon content of the solid solution and the high 
carbon content of the chromium carbide. 

Keeping alike all other conditions for the unstabilized and the 
stabilized 18-8 alloy, the precipitation of chromium carbide alone 
should cause a considerable difference in the rating as stress con- 
centrations will occur after its formation. Hence, there seems to 
be a definite limitation in accelerating tests. Beyond this limit 
the service conditions may not be reproduced sufficiently accu- 
rately, and misleading results are likely to be obtained. 

In addition, failure should be produced in the most pro- 
nounced way even for those materials showing the highest pitting- 
resistant characteristics. Actual failure and loss of material 
should take place in each case to guard against apparent similar 
ratings for good materials which actually are different and con- 
siderably longer test periods may be necessary than those men- 
tioned by the author. 


G. B. Kareuirz.* The tests reported by the author open a 
promising avenue of material investigation. However, there are 
several points which must be interpreted properly. With a fre- 
quency of oscillation of 8500 cycles, and an estimated amplitude 
of 0.01 mm, the acceleration of the disk surface is of the order of 
2900 g. If the liquid at the disk is accelerated at this rate, the 
local pressure on the disk must be rather high. Comparing these 
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impacts with the standard impact-fatigue test where metals are 
Brinelled by a light ball falling repeatedly on the same point of 
the surface, from a height of but a few inches, one may wonder 
whether the destruction of the surface is not a purely mechanical 
impact effect. 

On the other hand, it is of interest to compare the effects of 
cavitation on metal surfaces with the well-known corrosive de- 
struction of polished metal surfaces subjected to vibratory rub- 
bing against each other. The appearance of this type of cor- 
rosion is very similar to cavitation effects. The corrosion is ap- 
parently the result of minute particles of metals being dislodged by 
the friction and violently attacked by air oxygen. The effect of 
the liquid on the disk surface may be of a similar nature, i.e., 
chemical to a large extent. This might explain why the heavy 
carbon-tetrachloride was observed to produce less destruction 
than water. True, the cement test pieces show also face de- 
struction, and it is difficult to suspect chemical action on cement. 

It is gratifying to learn that a series of modified experiments 
are contemplated which will, no doubt, throw more light on the 
physical phenomena taking place on the face of the vibrating 
disk, and confirm the contention that cavitation actually takes 
place in the liquid. 


K. J. De Junasz.‘ With reference to the paper, the question 
was raised whether the erosion phenomena on the aluminum test 
pieces were due purely to the mechanical effect, or whether electri- 
cal or chemical phenomena also play a part in them. The ques- 
tion could be decided by putting pressure on the water which 
would tend to keep the water in contact with the test piece. If 
the acceleration due to the pressure exceeds the maximum value 
of the acceleration due to the vibration, there would be no sepa- 
ration between the test surface and the water, and, as a result, 
there would be no cavitation. Therefore, if under these circum- 
stances there should appear no erosion, this would constitute a 
proof that the.erosion is due solely to the mechanical effect of 
cavitation. 

How was the amplitude of vibration of the test specimen meas- 
ured? In view of the high frequency and the extremely small 
value of the displacement, the measurement of it appears to be a 
rather difficult problem. 


F. G. Swirzer.* The appearance of the specimens subjected to 
cavitation is so similar to the phenomenon of pitting in gear 
teeth that there may be some common ground between them. 
If this is so, the problem may well be divided into two distinct 
fields. The first is hydraulic, and deals with the conditions under 
which cavitation occurs and the severity of the effect. The 
second is a materials problem, and deals with the problem of 
finding a material which will not pit under conditions of cavitation 
in hydraulic machinery. 


AvutTHor’s CLOSURE 


Mr. Mousson’s suggestion of obtaining motion pictures of 
collapse is unfortunately beyond our present technique inasmuch 
as the vibration apparatus developed at M.I.T. produces cavita- 
tion at the rate of 8700 cycles per second. We cannot expect to 
get a series of pictures during one cycle. 

Mr. Mousson’s remarks pertaining to the need for time to 
permit certain chemical and physical processes to manifest them- 
selves form a valid criticism of any accelerated test. On the 
other hand, other variables must be eliminated before the effects 
of pure cavitation can be studied. The practical suitability of 
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given materials will depend not only on ac- <  ) 
celerated cavitation tests but also on corro- 
sion tests and other evidence and finally by 
service experience. Fatigue due to stresses 
produced by the high-frequency vibration 
should be negligible, especially on the face of 
the specimen where the cavitation occurs. 
The author has observed that vibration of a 
specimen in air for more than an hour did 
not produce any perceptible damage. 

Mr. Karelitz suspects that the damage done 
may be due to chemical action. It has been 
proved repeatedly on glass and other non- 


corrosive materials that the damage due to api\\ 
i 
cavitation is largely of a mechanical nature. ‘y 1 \ 
Evaporation actually takes place during \ 

the tests, and as it is occurring it can be seen 1 i \ \ 
with the naked eye. A vapor bubble cover- / yA 
ing the larger part of the face of the sample ! | -s 


can be observed and tiny bubbles of vapor | 

can be seen moving away from the face of 

the sample as shown diagrammatically in Fig. 1 of this discussion. 
Since the publication of the progress report, Dr. H. Peters has 

been able to measure the amplitude with a microscope and the 

frequency with a stroboscope. The observed half amplitude for 

the test was 0.04 mm at a frequency of 8700 cycles per second. 

This results in an acceleration of 12,300 times gravity. 


Progress in Cavitation Research at 
Princeton University' 


C. F. Merriam.? I wish to express regret that while I was a 
guest of the authors at their laboratory, I was so absorbed by 
the many interesting demonstrations that I did not appreciate 
my duty to acquaint them fully with certain experiments, having 
bearing upon their work, which were performed by the Spannhakes 
and by Dr. Peters at the Massachusetts Institute of Technology. 
Any disagreement that I may have with their conclusions is the 
result of my own negligence, and it is, therefore, my desire to 
set right, as far as possible, any misunderstandings which may 
have resulted therefrom, 

In brief, the authors have shown by simple experiment that 
the basis for testing the cavitation characteristics of models is 
sound. In the main, they have succeeded admirably and the 
results do have practical value in showing that for present pur- 
poses, at least, the fundamental theory is correct. 

Special recognition must be taken, however, of the evidence 
shown in the authors’ own data, that there is an effect which per- 
sisted in greater or lesser degree in all the venturi tubes tested 
at M.I.T. This effect is so slight that the authors were justified, 
from the evidence at hand, in ascribing the apparent change in 
diffuser efficiency prior to the beginning of cavitation to the 
change in Reynolds’ number, as can be seen from Figs. 4 and 5 of 
the paper, but not in persisting in this view after the facts have 
been called to their attention. It is only the analysis of their 
data in the light of previous experience that would lead us to 
think otherwise. 

At M.I.T. the same behavior of pressure at points correspond- 
ing to the authors’ p:, p2, and ps could be produced even without 
change in Reynolds’ number, since in contrast to the apparatus 
at Princeton, the absolute pressures at various points could be 
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varied without change in their differentials, and consequently 
without change in velocity or discharge. Therefore, we must 
look further for an explanation. 

The important fact, which could not be detected by the au- 
thors, since they had means of observing the pressure at but three 
points in their system, is that as cavitation is approached there 
is actually a change in flow conditions upstream from the throat. 
The result is that when this takes place the differential p; — pz is 
no longer a measure of the discharge. This was evident in the 
M.I.T. experiments by the fact that the several pressure taps up- 
stream from the throat always maintained rigorously their theo- 
retical mutual relation, whereas the tap at the throat would be- 
gin to depart from this relation as soon as the absolute pressure 
was reduced to about one fifth of an atmosphere. If we assume 
that the pressure differential between any upstream pair of pie- 
zometer openings is proportional to the square of the discharge, 
then it follows that the differential between any upstream point 
and the throat ceases to be a measure of the discharge as soon as 
this change in relationship takes place. 

Unfortunately we do not have corresponding upstream pres- 
sures at various points for the experiments at Princeton, but an 
analysis of the data shows clearly that until cavitation sets in 
there is strict proportionality between the differential p,; — ps 
and the difference p; minus the back pressure into which water 
passing through the tube discharges. However, in spite of the 
strict adherence to this relation, both differentials are propor- 
tional to p, — ps only as long as p, remains above some pressure 
approximately the same as that at which the corresponding 
change was seen to take place at M.I.T. It is evident, therefore, 
that we must recognize a change in flow taking place upstream 
from the throat even before cavitation sets in. 

The observation of this peculiarity led to considerable investi- 
gation as to the possible causes, particularly to see under what 
conditions it might be accentuated. Consequently, experiments 
were made on the special tube, the published report’ of which is 
referred to by the authors. Visual observation of this tube in 
operation showed two distinct phenomena: First, the release of air 
from solution as the pressure decreases, and second, the actual 
formation of cavitation. This tube had a long parallel section 
with glass sides which disclosed the effervescent nature of the 
water under reduced pressure. This was evident well in advance 
of reduction in pressure to the point that cavitation itself ap- 
peared, while the air bubbles were seen even when the flow ap- 
proached the parallel contracted section. On the other hand, 
cavitation itself was formed only as the tube started to expand. 
Under these conditions there was the marked effect which Dr. 
Hunsaker describes.* 

Returning now to practical model testing, there is undoubtedly 
the same effect present, and this would be expected to influence 
the results so that the determination of « would depend upon the 
head used in the test. Nevertheless, nothing of the kind has 
been noticed so far at Holtwood even though special tests have 
been made to detect any such effect that might alter the results. 

On the other hand, Professor Spannhake directed cavitation 
tests to be performed on a runner in his laboratory at Karlsruhe, 
which was particularly adapted for tests at extremely low head, 
and it may be recalled that the first reports were received from 
Dr. Krisam the day that Professor Spannhake took part in the 
annual meeting of the A.S.M.E. in December, 1932. He stated 
at that time that he was completely mystified by the enormous 
effect apparently produced by the change of head. 

As a result of experience at M.I.T., Professor Spannhake came 
to the conclusion that air was the disturbing factor and repeated 
these tests with important variations on his return to Karlsruhe. 


3 “Cavitation Research at M.I.T.,”’ by J. C. Hunsaker, Mechanical 
Engineering, vol. 57, April, 1935, pp. 211-216. 
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In addition to the normal method of operation he conducted two 
more series, one with the apparatus arranged to charge the water 
heavily with air, and the other to reduce the air content as much 
as was practical. Results of these experiments are shown in Fig. 
1 of this discussion, and they indicate clearly the consistent al- 
teration in o arising from the variation in air content in the water 
as well as the decided inerease in ¢ as the head is decreased. 


5 
\ |. With large quantity of air, water 
4 discharqing over 2 weirs in series 
\ 2. With normal air content, discharge! 
over | weir 
bes 3 \ 3. With very little air in solution, 
3 \ \ discharge submerged. 
52 
we 
| 
% ! 2 3 4 ba 6 7 8 9 
Head, meters 


Fie. 1 Tue INFLUENCE or AIR CONTENT OF THE WATER ON o 


We may then ask why it is that Holtwood results did not show 
the same effect as was found at Karlsruhe. The answer appears 
to be that the lowest head possible at Holtwood is well above the 
range where Professor Spannhake’s curves indicate that the values 
of o become substantially asymptotic. 

The conclusion that can be drawn is that in the main the basis 
for testing models for cavitation characteristics is correct, and 
follows the principles illustrated by the authors in their paper, 
but on the other hand, these results do not apply for those con- 
ditions under which the effect of air becomes appreciable. 


F. H. Rogers.‘ The paper presented by Messrs. Moody and 
Sorenson is of particular interest to hydraulic engineers in the 
study of cavitation problems applied to hydraulic turbines and 
pumps. It has for some time been assumed that when the cavi- 
tation limit at any point in a machine, such as a hydraulic tur- 
bine, is reached that the absolute pressure at such point equals 
the vapor pressure of the water. The careful research work at 
Princeton University as described in the paper confirms this 
theory. 

The application of these results to a turbine or pump is difficult 
due to the complex conditions of flow. Thus, flow through a 
turbine runner contains an unequal velocity distribution across 
the blades, curvature of the flow lines and at certain conditions of 
load eddies at the entrance to the blades. These conditions are, 
therefore, far from the almost ideal conditions of flow obtained 
in the venturi meter described in the paper. As shown by the 
curves presented in the peper, the break in the efficiency curve of 
the venturi meter coincides exactly with the reaching of the vapor 
pressure of the water at the throat. In turbine runners the vapor 
pressure of the water is undoubtedly first reached at only certain 
local points on the blades, complete cavitation over the entire 
discharge of the blades not occurring. This is probably the ex- 
planation why pitting at local spots on the blades may occur 
without appreciably affecting the power output or efficiency of 
the machine. 

A somewhat similar explanation may account for the apparent 
discrepancies in behavior which have been noted in some in- 
stances between the model and prototype when both are operated 
at or beyond the cavitation limit. In these cases, the large units 
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do not show as great a drop in efficiency or power as the model 
units. It is suggested that although cavitation starts at the same 
value of o for both the model and prototype that the vapor-filled 
cavities are physically about the same dimensions, if the heads are 
the same, and hence the entire flow pattern through the large 
runner is affected to a lesser degree than in the case of the small 
model. 


M. P. O’Brien.’ The problem of cavitation is important not 
only in the design and operation of centrifugal pumps and tur- 
bines, but also in many other phases of the flow of liquids. Cavi- 
tation occurs under certain circumstances even in the phenome- 
non of water hammer, as has been shown by Le Conte.® 

Fig. 2 of this discussion shows the head-capacity and the effi- 
ciency curves of a water-jet pump tested by O’Brien and Gos- 
line.?, The cavitation point is sharply defined in this figure. 


= 
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A, A’, h, = 140.5; h, = —2.44; Q, X 10? = 50.0 
B, B’,h, = 140.5; h, = —2.45; Q, X 10°= 46.5 
C, C’, hy = 140.5; hy = —2.60; Q, X 10° = 47.0 


Q, #10? Cu. Ft / Se. 


Fig. 2 Heap-Capacity AND EFFICIENCY CURVES OF A WATER-JET 
Pump SHOWING THE Errect oF NozzLE PosiITION 
(Curves A, B, and C refer to head while A’, B’, and C’ refer to efficiency.) 


Solution of simultaneous equations for the flow in the suction 
line with different operating conditions gave as the average 
pressure at the tip of the nozzle —32.3 ft compared with —33 ft 
as the vapor pressure minus the existing barometric pressure. 
The agreement is as good as could be expected considering the 
indirect method used. Direct measurement of the pressure at 
the lowest pressure point was not attempted since the experiments 
were not concerned directly with cavitation. Computation of 
the cavitation or “cutoff” point was shown to be simply a matter 
of computing the maximum flow in the suction line of the jet 
pump on the assumption that the pressure at the nozzle is reduced 
to the vapor pressure and since this is a condition to be avoided 
in operation, no more was done in the way of experiments. 

It should be pointed out that cavitation may result from ex- 
cessive rates of acceleration as well as excessive velocities. This 
consideration is important in the design of displacement pumps 
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which must be investigated to determine whether cavitation may 
begin to occur at the instant of maximum acceleration. Gen- 
erally the danger points are not in the pump itself but in the suc- 
tion line. Acceleration as used here refers to the change of ve- 
locity with time at a point, rather than change with distance. 
The latter is, of course, taken into consideration in the cavitation 
constant. 


W. S. Parpog.* Cavitation tests on a 1'/:-in. glass tube in 
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DISCUSSION 


the hydraulie laboratory of the University of Pennsylvania are 
shown in the accompanying Figs. 3, 4, and 5 for 9.36, 22.9, and 
52.5 ft head, respectively. The last run in each case was ac- 
companied with considerable noise and a cloudy appearance of 
water vapor in the tube. In each case this gave an efficiency 
above unity which was, of course, unreal. Air disengaged at 
negative pressures about 20 ft. 

Fig. 6 shows hs e, h: oande— curves; the latter has a 
very pronounced break in it. 

In March, 1912, tests were conducted on a 2-in. standard short 
tube, which are shown in Fig. 7. Fig. 8 shows h3 — e, hs — ¢, and 
e — o¢ curves for the short tube. The behavior of this tube was 
described in the Engineering News of September 14, 1916, from 
which the following is quoted. 


Up to a head of 18.5 ft the tube flowed full with no appearance of 
air within it. Hence if contraction does take place, the jet must pass 
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Fig. Caviration Tests on 1!/-IN. Giass TuBe, UNIVERSITY OF 
PENNSYLVANIA 


Fic. 8 Cavitation Tests on Two-In. STANDARD SHORT TUBE 


through a surrounding collar of water in a more or less stationary 
or eddying state. 

At 18.5 ft head a slight amount of air was seen to disengage from 
the water at the inner end, extending for about '/2 in. into the tube. 
This condition progressed until the head was 28.5 ft when the inner 
end of the tube was surrounded by a dense white fog extending about 
lin. into the tube. 

At 38.5 ft head the appearance was that of snow or loose foam 
extending about 6 in. from the inner end of the tube. At 44 ft head 
the disturbed condition extended to the outside end of the tube, the 
imner end appearing as a clear-cut jet showing very distinctly the 
contraction and re-expansion on which the foregoing theory depends. 
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Fic. 7 Curves SHOWING THE DISTRIBUTION OF NEGATIVE 
PRESSURES ON A Two-IN. STANDARD SHORT TUBE 


At 56 ft head the jet ceased to re-expand sufficiently to fill the end 
of the tube, and it discharged as a standard orifice. The appearance 
of the glass tube discharging under various heads is shown in Fig. 3. 
Notice the diverging character of the stream under a head of 42.5 ft. 


At the time there was no thought of cavitation, but the curves 
seem to bear out Professor Moody’s contention. 

An experience with destructive cavitation, in the writer’s ex- 
perience, took place in a two-stage, three-stage turbine pump 
designed for Oakville, Ontario. This pump used two stages for 
domestic service and three for fire service, the extra impeller 
rotating at all times in water. Shortly after the pump was put 
in service, the impeller vanes and fixed guides were badly cor- 
roded. This was believed to be purely mechanical. 

Addison in “Applied Hydraulics” gives the following values of 
sigma in terms of specific speed: 


Specific speed 23 56 90 180 
Minimum 0.04 0.21 0.60 0.80 
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V/ 42500 
Safe Harbor N, = 109 ———— = 149 
555/, 
This would require a sigma = 0.75 = (H, — H,)/H or 
H, = H, —H = 34—0.75 X 55 = —7.3ft 


Safe Harbor about meets this condition, but due to the unsym- 
metrical draught tube the water does not get away from the 
runner equally all around. There is the possibility of the de- 
structive action noted in the turbine pump. In other words, 
would not the action of these units have been better if equipped 
with a symmetrical draft tube of the spreading type with a center 
cone? The appearance of the tailrace suggests this. 


Autuors’ CLosurE 


The curves presented by Professor Pardoe in his discussion 
furnish a valuable supplement to the paper. The results obtained 
on the venturi tube of 11/; in. throat diameter clearly show the 
same action as found in the smaller tube at Princeton, namely, 
the concurrence of the break in continuity of the curve of diffuser 
efficiency with the reaching of vapor pressure at the throat. 
In Professor Pardoe’s apparatus the break in the efficiency curve 
is much sharper, being characterized by a marked rise in efficiency 
just prior to the break, when it immediately drops rapidly. This 
establishes the cavitation point even more strikingly than the 
Princeton experiments, and gives an excellent confirmation of the 
conclusion reached in the paper. We have just completed the 
installation at Princeton of a still larger apparatus, somewhat 
similar to that designed by Professor Pardoe, having a glass 
throat of 21/. in. diameter. It will be interesting to compare the 
results from the new equipment with those reported here. 

The authors have been unable to reconcile the first portion of 
Mr. Merriam’s discussion with the facts observed in the experi- 
ments. For example, Mr. Merriam infers in his fourth paragraph 
that the Princeton apparatus was not arranged so that ‘the 
absolute pressure at various points could be varied without change 
in their differentials, and consequently without change in velocity 
or discharge.” Actually, by throttling the discharge valve in 
our apparatus, with various adjustments of the inlet valve, 
this variation could be obtained, and was obtained, as shown by 
the tests with the discharge valve open and those with it partly 
closed. To make clear the behavior with regard to the points 
which Mr. Merriam seems to have in mind, and utilizing “the 
evidence shown in the authors’ own data,’’ the authors present 
Fig. 9 of this discussion to show the relation between the rise in 
pressure in the diffuser, (hps — hy:), and the drop in pressure 
from entrance to throat, (hp: — hp). The solid line shows the 
relation with the discharge valve open and the dashed line 
shows the relation obtained with the discharge valve partly 
closed. It will be noted that under cavitation-free conditions 
the two curves coincide. That is, a given value of (hp; — hype) 
could be obtained either with a low back pressure and a reduced 
inlet pressure, or with an increased back pressure produced by 
partly closing the discharge valve and a correspondingly in- 
creased inlet pressure secured by a wider opening of the inlet 
valve. Up to the critical point of cavitation the rise in pressure 
in the diffuser is shown to be a function only of the drop from 
inlet to throat; but at a certain point, (hp: — hp.) ceases to be a 
function solely of (hy: — hp2) and now becomes a function also 
of a second variable, the absolute pressure H». Beyond the 
point where the curve breaks away from the original line, we can 
secure different values of the ordinate by adjusting the back 
pressure, so that in the region to the right of this break the 
ordinate may extend to the original curve (with raised back 
pressure) or may extend only to the lower curve with the back 
pressure reduced until H», reaches the vapor pressure. 

This illustrates a more fundamental criterion for the critica 


point of cavitation, namely that point at which the conditions 
cease to be a function solely of the pressure differences or “‘effec- 
tive pressures,’’ but become also a function of a second variable, 
the absolute pressure. Applying this test to the observations 
reported in the paper, the values of Hy: also have been plotted 
on Fig. 9 of this discussion, and it is seen that Hp: reaches the 
vapor pressure limit at the same time that the (hp3 —— hype) curve 
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breaks away from the original curve, thus agreeing with the con- 
clusions previously reached by using as evidence of cavitation 
the point of discontinuity in the efficiency curve. A curve of 
efficiency versus (hp: — hy) also is plotted on Fig. 9 of this dis- 
cussion, showing the same double characteristic beyond the 
critical point of cavitation. 

With reference to Mr. Merriam’s opinion that “as cavitation 
is approached,” which the authors take to mean _ before 
cavitation occurs, ‘‘the differential p, — p2 is no longer a measure 
of the discharge,”’ the authors have plotted, Fig. 10 of this discus- 
sion, @ curve of actual measured discharge versus (hp; — hp). 
The measurements of the discharge were obtained by weighing 
tanks. It is evident that in this apparatus the discharge is 
definitely a function of (Ap3 — hye) [and consequently of (hp: — hy) 
as shown by Fig. 9] right up to the point of cavitation as indicated 
by the sharp break in the curve, and that as shown by the Hy: 
curve, also shown in Fig. 10 of this discussion, this again agrees 
with the point where H,. reaches its limiting value, the vapor 
pressure. 

As pointed out in the paper, it is essential in testing the 
applicability of the cavitation formula by the method the authors 
have used that the pressure head H,. be measured at the point 
of lowest pressure in the system, the point where cavitation 
originates. This was secured by the use of a passage having a 
throat in which the flow lines could reasonably be expected to 
be parallel and free of curvature and the results confirmed this 


expectation. If a sudden enlargement had been used or other . 


form of throat in which a lower pressure could occur at some other 
point in the section than at the Hy: gage connection, a discon- 
tinuity would have appeared in the curves of efficiency (hps — hp:) 
or Q shown in Figs. 9 and 10 of this discussion, indicating 
the beginning of cavitation before Hp: had reached the vapor 
pressure. This may be the explanation of the effects which Mr. 
Merriam seems to describe in the test to which he refers. No 
such effects are exhibited by the Princeton apparatus. 

Mr. Merriam’s explanation of the effects of air content of the 
water is a useful supplement to the paper, and the authors are in 
agreement with his conclusions on this point. 

Mr. Rogers brings out an important dimensional consideration 
relating to the relative effects of cavity formation in large and 
small homologous units operating beyond the point of cavitation. 
As a consequence of these considerations it is to be expected that 
while a small model turbine or pump may show a sharp break in 
the efficiency or output curve at the critical o, the large prototype 
may show a curve only gradually rounded and falling off at 
first rather slowly. Small-scale apparatus is therefore well 
adapted to experiments of the kind reported in the paper since 
the smallness of the dimensions compared with the height of the 
barometric water column lends definiteness to the critical point 
which is to be observed. 

Professor O’Brien’s discussion brings out the influence of 
acceleration or of flow varying with respect to time. In a hydrau- 
lic machine or system subject to pulsating flow this may be a 
factor of considerable importance. It would be useful to develop 
on a dimensional basis the effect of small surges or pulsations on 
the cavitation factor. The presence of small pressure waves even 
in smoothly operating turbines and pumps is one of the factors 
calling for a margin of safety in determining the safe elevation of 
the runner above tail water. 

At the end of the discussion, Professor Pardoe brings up a 
point of particular interest to one of the authors, who has a 
predilection for symmetrical forms of draft tubes where the unit 
spacing permits their use. However, the improved draft-tube 
efficiency with whirling discharge, particularly at part gate, 
usually requires that the unit be set lower rather than higher. 
In conclusion the authors will consider that a useful purpose 
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has been accomplished if, as a result of their small contribution, 
other experimenters may become interested in continuing and 
extending this line of research. 


The Definition of the Quantity- 
Head Characteristic of Fans' 


T. Cuester.? The authors conclude that the most reliable 
results can be obtained when fans are tested with air-path ar- 
rangements exactly similar to those of their intended applica- 
tions. This conclusion is unquestionably sound. However, in 
many instances it is not feasible commercially to duplicate in- 
stallation conditions for test purposes. It is axiomatic that the 
four basic fan and duct arrangements discussed in the paper do 
not include the many variations encountered in practice. Such 
variations consist chiefly of departures from the principles of 
good design for the main ducts near fans, imposed by space limi- 
tations. Unsatisfactory duct connections to fans not only set up 
resistances which are difficult to calculate but they also tend to 
produce erratic fan performances by causing unsuitable air flow 
througb fan impellers. 

The writer believes that it is essentially immaterial whether 
the resistance is encountered on the suction side or on the dis- 
charge side of a fan. If the resistance to air flow which will be 
produced by any installation can be correctly evaluated, and if 
that resistance is duplicated by means of the contrivances used 
for test purposes, a fan will give the same performances under 
test conditions as it would in the actual installation, provided 
there is no interference with normal impeller air flow. 

The total resistance to flow has been termed “resistance pres- 
sure.” It is manifested by air rarefaction in the case of a fan 
applied as an exhauster, and by air compression in the case of a 
fan applied as a blower. It should be borne in mind that the air 
rarefaction or compression is the joint product of the resistance 
to flow and the propulsive force exerted by the fan. 

If the absolute pressure difference between the negative head 
on the suction side of the fan and the positive head on the dis- 
charge side, pertaining to the author’s arrangement C, is exactly 
duplicated in the form of positive head in the case of arrangement 
B, the fans applied will give identical performances when oper- 
ated at the same rotative speeds. In many instances, as far as 
results are concerned, selection of one of the four basic methods 
advanced by the authors, as most closely resembling an actual 
fan installation, will be productive of no greater accuracy than 
the use of arrangement B which represents standard practice at 
present. 

The authors are correct in stating that any kinetic energy in 
air flowing into a fan is not produced by the fan, but is at the 
expense of pressure energy in the air stream. However, the fan 
produces the pressure depression within its impeller, which en- 
ables the surplus pressure of the ambient atmosphere to cause 
flow. The fan has to provide the energy needed to restore the 
pressure of the air dealt with to that of the atmosphere. In addi- 
tion, the fan has to provide the velocity pressure of the air issuing 
from its outlet. 

The authors propose in defining the fan head, that the dis- 
charge velocity head be entirely disregarded, and that the dis- 
charge static head only be used. The fan used by the authors 
had inlet and outlet of the same size. Probably this led them to 
conclude that the velocity pressure at the outlet had been sup- 
plied by atmospheric pressure at the fan inlet, and consequently 
the fan could not be credited with the energy represented by the 


1 Published as paper PTC-57-2, by M. C. Stuart and W. E. Somers, 
in the October, 1935, issue of the A.S.M.E. Transactions. 
2 Engineer and Contractor, Detroit, Mich. Mem. A.S.M.E. 
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outlet velocity pressure. Actually, the inlet velocity pressure is 
lost within the fan and therefore the outlet velocity pressure is 
not provided by atmospheric pressure. Also, in many cases, fans 
have smaller outlets than inlets, with consequent higher velocity 
pressures at their outlets. It is customary to credit a fan with the 
velocity pressure in the discharge duct, and it is likely that engi- 
neers will adhere to this practice. 

It is the writer’s opinion that the fan head should be regarded 
as the algebraic difference between outlet total head and inlet 
total head. 


Vincent GENTILE, Jr.* Near the end of the paper the au- 
thors propose in defining the fan head that the discharge velocity 
head be entirely disregarded and the discharge static head only 
be used. This conclusion is apparently based on their statement 
that, ‘The only way by which the discharge kinetic energy of the 
air may have utility in overcoming resistance is by the introduc- 
tion of a diffuser which converts kinetic energy into pressure 
energy.” It is with these statements that the writer takes issue. 

A centrifugal fan generates a total head which is the sum of 
the static and velocity heads and it is this total head that is effec- 
tive in overcoming the resistance of the duct system. If the fan- 
outlet area is smaller than the area of the discharge duct where 
the connection is made, causing an abrupt expansion, a portion of 
the velocity head will, of course, be lost. But if a transformation 
piece having a sufficiently gradual slope is used in making the con- 
nection, practically all the velocity head will be recovered in the 
form of static head. Also, if the fan-outlet area and the discharge- 
duct area are the same, then all the velocity head will be available 
for overcoming duct resistance, since any losses that occur due to 
changes in velocity further along in the duct are directly charge- 
able to the duct system. The practice of specifying fans in 
terms of volume and static pressure makes the direct use of this 
information of little value to the engineer, since it is the total 
pressure that is obtained and not the static pressure in any com- 
putation of the resistance of a duct system after summing up all 
the losses. If, in a specific case, a fan were required to deliver 
10,000 cfm of air in a certain system of ducts, and if summing up 
all the losses such as exit velocity head, friction, elbow, sudden 
expansion and contraction losses, it were found that the total re- 
sistance amounts to a head of 2 in. of water, then a fan would 
be required that would deliver 10,000 cfm of air against a total 
head of 2 in. of water. The proportion of the total head that 
the fan would deliver in the form of static head would not be 
known until after a particular fan is selected, since the ratio of 
static to total pressure can vary anywhere from zero to nine 
tenths (approximately) depending on the per cent of wide-open 
volume that the fan operates at, and this in turn depends on 
such items as the wheel diameter, type of fan, and width of fan. 
It should be clear then that the head with which the engineer is 
concerned is not the static head but the total head, and it is the 
total head that should be used as the criterion in fan curves or 
tables. The authors make the statement, “If two fans X and Y 
have equal total heads but unequal velocity heads, the fans will 
not be of equal utility for purposes of overcoming resistance.” 
But it is also true that if two fans are rated to deliver the same 
volume against the same static pressure, their actual deliveries 
may vary within wide limits when applied to the same duct sys- 
tem, in fact to a much greater extent than when the fans deliver 
the same total head. 

Regarding the different characteristic curves obtained for the 
various test arrangements labeled A, B, C, and D by the authors, 
it might be of interest to see the actual figures from which these 
curves were plotted. While it is true that Professor Marks has 


’ Tunnel Ventilation Designer, Board of Transportation, City of 
New York, New York, N. Y. 


shown that inlet and outlet attachments affect fan performance, it 
is difficult to see why virtually identical set-ups should yield 
varying performance curves. There is no material difference be- 
tween arrangements B and C, and one would naturally expect 
their pressure-volume characteristics to coincide. In the ealeu- 
lation of velocity heads, the authors state that these were ob- 
tained from the flow measured by the discharge nozzle. But 
what correction was applied to the mean velocity to obtain the 
average velocity head? 


R. D. Mapison.* The writer believes that for the purpose of 
fan test codes, simplification should be aimed at rather than to 
cover all possible arrangements with which fans may be con- 
nected to ducts. Thus in Fig. 1 of the paper the bare fan ar- 
rangement A is seldom used for centrifugal fans and arrange- 
ment D may be considered a special case of arrangement C. 
For propeller fans, on the other hand, in addition to the four ar- 
rangements shown, there are four additional cases where the 
motor is on the opposite side of the fan. Obviously a code cover- 
ing sO many arrangements becomes unwieldy. 

There is no doubt but that where a fan is to be accurately 
tested and some special inlet or outlet conditions exist that might 
affect fan performance, the test should be conducted with these 
obstructions in place. However, in many cases, satisfactory in- 
formation is at hand from which predictable results can be made 
by using some of the customary test methods. Thus, a close in- 
spection of Fig. 3 of the paper shows that if the total-pressure 
curves were superimposed upon the static-pressure curves there 
would be three general systems, all differing by about one ve- 
locity head, depending upon the definition attributed to each 
curve. If these curves had been drawn for a larger fan, and one 
with a more stable characteristic, the comparison would be even 
more marked. Inspection of the same curves plotted in Fig. 4 
shows diverse characteristics for the velocity pressures (differ- 
ence between the total and static pressures plotted). This 
should not be so since by the authors’ definitions, these velocity 
pressures should be identical, the inlet and outlet dimensions of 
the test fan being equal. 

The authors arrive at the conclusion that fan head should be 
defined as the fan static head. The writer believes that the crea- 
tion of the term “fan head”’ leads to confusion rather than clari- 
fication of the issue. It is true that fan static head is the head in 
common use and probably the simplest in conception. Fan 
total head includes the velocity pressure of discharge and in view 
of the tendency to refer efficiency to that based on total pressure, 
it would seem logical to plot both static and total heads for com- 
plete information. 

Where fans are tested without discharge ducts, as in arrange- 
ment D in Fig. 2 of the paper, care should be taken to see that the 
large test duct is sufficiently large to reduce the velocity to 4 
negligible amount or else a proper correction should be made. 
Thus, it may seem that a 2-ft 9-in. drum is large enough in 
which to discharge air from a 9-in. pipe, and yet the regain effect 
due to sudden enlargement may amount to as much as 10 or 11 
per cent of the velocity pressure in this case. 


H. F. Hacen.’ The paper should receive the careful attention 
of users of fans who feel that for their particular purposes, the 
conventional fan data do not apply. These particular pur- 
poses will correspond to arrangements A and D of the paper since 
arrangements B and C are the only ones used under the present 
test code for testing centrifugal fans. 


4 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Mem. A.S.M.E. 

5 Vice-President and Director of Research, B. F. Sturtevant Com- 
pany, Hyde Park, Boston, Mass. 
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Customers applying fans according to arrangement A have _ net static head delivered by the fans is +4 —(—2) or6in. This 
been advised by the authors to use the static pressure as deter- agrees exactly with the first definition given by the authors. The 
mined from arrangement B. The close agreement of the authors’ — signs on the readings should be carefully noted and when applied 
test curves Hs, and Hs, attests to the validity of the recom- algebraically in the definition of fan head will result in the true 
mended procedure. Customers using arrangement D have been values as demonstrated. For further confirmation of this view 
obliged to take the static pressure of arrangement C, that is, to reference should be made to the rigorous test procedure for 
assume agreement between the authors’ curves Hg- and Hg». pumps with a negative suction supply. 

The agreement between these is close at small volumes and at 
large volumes. In view of the close agreement between Hg, 4 and 


Hy, no ready explanation suggests itself for the disagreement in Cay itation Testing of | lodel Hy drau 


the important middle range between Hge and Hg». The dis- lic Turbines and Its Bearing on 
agreement is small, however, and does not seem to indicate the D _ A O : 1 

need of any additional types of test set-up. esign an peration 

J.D. Scovitie.? The writer believes that it will be of interest 


3 to add, to Mr. Davis’ data, additional specifie speed—e limits of 

Usually one would not expect to see other than a small difference : : ; 

: : : Francis runners as compared with the propeller type of turbine. 
between the total heads for arrangements B and C. It would 
f ; ; Curve A on Fig. 1 of this discussion shows the limits of a number 
seem that the inlet of this particular fan was not adapted nor in- a, : : we 
ae of commercial installations from a specifie speed of 35 to 105. 
tended to take air directly from the atmosphere, and introduced 
a large loss when it was so used. 

There is never any confusion about total head, this being the 
differential reading between an impact tube in the fan outlet and 
an impact tube in the fan inlet. 0.80 

The writer can give a general unequivocal definition of static 
head which agrees with the static of the authors’ first definition. 

This definition is: “Static head is the total head diminished by 0.60 
the velocity head in the fan outlet.” 


1.00 


T. Baumeister, Jr.6 The authors have shown in a most con- 
vincing way the numerous conflicts encountered in the definition iY 
and experimental determination of the head characteristic. Their Pr 
conclusion on the meaning of the developed static head is the 0.20 LL 
only definition that can be defended rigorously. If the writer wi 
may add a word to the paper it would be on the point that the 0 
static head developed by a fan is equal to “the discharge static 30 50 70 90 0 130 150 170 
head minus the inlet total head.” Those cases employing no Ns 
inlet duct can be fitted easily to this definition. When, however, Fic. 1 Coaspansson op Cavreatsos Taste ow Seuss 
an inlet duct is used, as in the authors’ arrangements C and D, Basis 
this may be difficult to construe. In such a duct, the velocity (Curve A, Francis turbines; Curve B, C, D, Safe Harbor turbine; Curve 
é E, F, Bonneville turbine; Curve G, Rogers and Sharp in 
head is positive numerically and is contributed by the ambient Mechanical Engineering, August, 1935, p. 504.) 
supply energy. The static pressure, measured at the proposed 
point in the inlet duct, is negative and represents the total differ- This curve is not the result of laboratory tests but is based on the 
ential required by the flow circumstances. All of this static pres- field experience of one turbine manufacturing company. Its 
sure is not contributed by the fan. The velocity bead come; _ significance is that there has been practically no pitting on in- 
from the atmosphere, so that adding the h,; (positive in sign) _ stallations the plant o of which is above this line. There are a 
to the h,; (negative in sign) gives the total head at the fan inlet number of plants with o values below this curve which have had 
which must be provided by the fan. Putting it another way, the no serious pitting. Curves B, C, and D show the cavitation limits 
total head at the fan inlet is equal to the entire friction loss in the — for the Safe Harbor turbines for 1.544, 1.635, and 1.89 ¢. Curves 
inlet duct. Obviously, this friction head can be supplied only E and F show a decided improvement over the Safe Harbor re- 
through energy added at the fan shaft. sults and for the Bonneville turbines. These wheels will oper- 
A typical set of readings will make the reasoning clear. For ate at 30 to 69-ft head and will drive a 48,000-kva generator. 
arrangement C of Fig. 1 or Fig. 2 of the paper, representative They will have a capacity of 100,000 hp at 69-ft head but will be 
pressure readings, at point 7 in the inlet duct, would be —3 in. for limited to 66,000 hp on account of the generator. The runners 
the static pressure, +1 in. for the velocity pressure, and —2 in. will be more than 23 ft in diameter. The curve for 1.38 ¢ corre- 
for the total pressure. The —-3 in. static pressure must come sponds to 69-ft head and that for 1.62 ¢ to 50-ft head. Below 
originally from the atmospheric pressure and just be made up this head, cavitation was not a problem because of the high tail- 
by the fan. However, the +1 in. velocity pressure is energy water. Hence, no tests were made at the higher values of ¢. 
that does not have to be contributed by the fan. The net deficit Inspection indicates that at higher specific speeds the cavitation 
therefore at which the air is supplied to the fan inlet is (3 +1) performance would still be substantially better than for the tur- 
or —2 in. total pressure. This —2 in. total pressure represents  bines at Safe Harbor. The tests were made at the Holtwood 
and exactly equals the entire head loss occurring through the duct —_ Laboratory of the Pennsylvania Water and Power Company. 
inlet and from friction resistance up to the point 7. If, simul- The author points out that the shape of the guide vanes, ar- 


taneously, a static-pressure reading of +4 in. is obtained on the rangement of the scroll case, form of the head cover, design of the 
discharge duct at point d in the authors’ arrangement C, then the 


1 Published as paper HY D-57-13, by L. M. Davis in the Novem- 
€ Assistant Professor, Columbia University, New York, N. Y. _ ber, 1935, issue of the A.S.M.E. Transactions. 


Mem. A.S.M.E. 2 Assistant Chief Engineer, S. Morgan Smith Company, York, Pa. 
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curb ring, influence of the hub diameter, and the runner clear- 
ance may have an effect on cavitation. The draft-tube design 
should be added to this list. It is evident that a given design of 
runner will have better cavitation characteristics on a poor draft 
tube than on a good one. The blade area is likewise very im- 
portant. Fig. 2 of this discussion shows the cavitation character- 
istics of two runners of the same design except that runner B 
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has about 5 per cent more blade area than runner A. Other 
things being equal, the runner with the larger blade area tends to 
show lower efficiency. Blade smoothness is likewise very im- 
portant. Local pitting may start from small irregularities and 
spread so much that it becomes serious. This can practically be 
eliminated by machining the blades all over. Undoubtedly 
some of the improvement in cavitation performance on the 
latest installation at Safe Harbor is due to the fact that the 
blades were machined. As the author points out, there was a 
definite improvement in cavitation performance due to the slower 
speed. However, this is not always true. For a given unit dis- 
charge the critical o was identical for variation in ¢ from 1.38 to 
1.62 for the Bonneville model runner. 

The writer has found that in addition to limiting the horse- 
power output of a given turbine, o has a decided effect on the 
overspeed. Fig. 3 of this discussion shows the runaway-speed 
tests at varying o and several gate openings for one blade-angle 
setting of a Kaplan turbine. It shows that at full gate, the run- 
away speed takes a decided jump between values of o of 1.00 and 
0.80. It also shows that at lower values of o the maximum run- 
away speed does not occur at full gate. 


E. W. SpaANNHAKE.* With reference to Fig. 6 of the paper, the 
author remarks that it would be well if more experimental in- 
formation could be gathered on whether the step-up in efficiency 
is obtained as a result of increased output from the same quantity 
of water or a decreased quantity for the same output. 

Although not much experimental information is available, it is, 


3 Springfield, Mass. 


to a certain extent, possible to obtain definite ideas about the 
mechanism of the step-up and its influence upon the cavitation 
conditions of the turbine by a simple energy consideration. 

It has to be borne in mind that the occurrence of the step-up 
already indicates that exactly similar conditions in the true sense 
of dynamics do not exist between model and prototype. That 
means that for the prototype, no system of the three magnitudes, 
unit power, unit discharge and ¢, can be found which is exactly 
the same as in the case of the model. If we, therefore, want to 
study the behavior of the prototype, we have to see how the 
changes in the relation of these magnitudes come about, always, 
of course, realizing that the changes are so small that the flow 
picture remains basically unchanged. 

The most significant relation for any state of equilibrium in a 
turbine is that the total head or energy available H is equal to 
the energy fed into the wheel H,,,, plus the energy lost hydrauli- 
cally by friction or whirling H,. The energy equation is 


H=H.+4H, 


If the sum of wheel energy and lost energy is smaller than the 
total, the water masses will be accelerated; if it is larger, they 
will be decelerated. Now consider a state of the prototype which 
has the same geometrical set-up as the model, that is, where blade 
angle, gate opening and wheel speed are in their proper relation. 
Suppose that this system was in some way brought to have the 
same unit discharge as the model, then all angles of attack and 
relative movements inside the wheel would be the same. We 
would then have to examine H,, + H,. The wheel energy H,, 
does not change its size with the size of the model, since it de- 
pends mostly upon the circulation set up around the blades, 
which depends only on the relative angle and has no measurable 
scale effect. The value of H,;, however, becomes smaller by the 
scale effect and hence t!se sum which for the model has been equal 
to H is now smaller thal H and correspondingly the water masses 
will accelerate. A faster absolute velocity, however, creates a 
steeper angle of attack as can easily be seen from a velocity dia- 
gram and hence H,, now increases. The value of H,, how- 
ever, also increases since all frictional losses will increase 
with increased discharge. A new equilibrium will be reached 
when the new sum of H,, + H, again equals H. It can 
thus be seen that for the same gate opening both unit power and 
unit discharge will increase. In order to obtain the same unit 
discharge as in the case of the model, one will have to close the 
gate slightly and correspondingly the runner blades will assume a 
slightly flatter position. To obtain the same unit power, more 
additional closing and correspondingly still flatter position of the 
runner blades is necessary. Therefore, from the standpoint of 
hydraulic similarity it seems more natural to take curve B in 
Fig. 6 of the paper if any step-up formula is used, which takes 
into consideration the change of frictional losses with Reynolds’ 
number. 

The important question naturally will be, how o is influenced 
by this process. Here, however, the step-up does not work ad- 
vantageously. From the foregoing it can be seen that in case 
of curve B the resulting state will certainly have a higher o than 
the model. First of all, since the unit discharge is the same, the 
general pressure level in the wheel will not change much, possibly 
drop slightly, since friction losses in the draft tube are probably 
also slightly reduced. On the blade, however, a higher torque 
has to be brought about at a flatter angle, which means higher 
average pressure differences and, therefore, lower pressure 
minimums. 

As for the line A in Fig. 6 of the paper, where the unit power 
is kept constant, no direct forecast can be made. The discharge 
will be smaller, thus decreasing the danger. The torque, how- 
ever, which now corresponds exactly to that created in the 
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case of the model, has to be created with a blade angle which is 
still flatter than in the previous case. So it is conceivable that 
even here o willincrease. Just what it will do depends on whether 
the decreased discharge or the flatter angle will play the bigger 
role. In other words, the higher the unit discharge of the type 
at that point and the lower the absolute value of ¢, the more it 
will be on the safe side. 

Summarily it can be said that in comparing hydraulic condi- 
tions in the wheel, one would reasonably compare the same unit 
discharges, and that for cavitation conditions unit power will 
probably be the limiting factor. 


Mary O. Soroka.‘ The use of the propeller turbine brings us 
to the point where we must be mindful of the barometric pres- 
sure and water temperature. A detail which could be over- 
looked as unimportant on a 5000-hp unit becomes an item on a 
40,000-hp unit. The operator of a steam station became more 
conscious of the barometer when he changed from the reciprocat- 
ing engine to the turbine, and it can be shown that the low- 
head hydroelectric installation is affected appreciably by at- 
mospheric variation as well. 

River water may be assumed to vary between 32 F and 90 F. 
If an installation at Baltimore, Md., is taken with a total head 
H, of 40 ft, a runner diameter D of 20 ft, a draft head H,, of 10 ft, 
and the vapor pressure H, at 32 F = 0.204, we obtain 
o = (H, H,— H,)/Hy = (33.95 — 10 — 0.204) /40 = 0.594 
for a temperature of 32 F and the normal barometric pressure for 
Baltimore of 29.962 in. hg, which barometric pressure is the 
equivalent of the head H,, or 33.95 ft, in the foregoing equation. 

Using Fig. 5 of the author’s paper and assuming ¢ = 1.727, 
the unit discharge for a o of 0.594 is equal to 2.48 cfs. The total 
unit capacity is (2.48 X 20? X 1/40) = 6280 cfs. This corre- 
sponds to 
(6280 X 62.5 X 40 X 90)/550 = 25,700 hp on the full-size unit. 

The vapor pressure H, at 90 F = 1.61 ft while at 32 F it is 
0.204 ft, or a difference of 1.406 ft. The change in o due to this 
difference in vapor pressure is (1.406/40) or 0.035. The curve of 
¢ = 1.727 slopes so that a 0.1 change in o causes a change of 0.5 
efs in discharge. For a change in ¢ of 0.035, the change in unit 
discharge is 0.18 cfs, which, divided by the total of 2.48 amounts 
to a difference of 7.25 per cent. On an installation of 25,700 hp, 
this amounts to 1800 hp, which is due to the original premise 
of a temperature differential of (90 — 32) 58 F. 

During 1934, the average high barometric pressure at Balti- 
more was 30.145 in. of hg, corresponding to a head of 34.20 ft of 
water while the average low barometric pressure was 29.791 in. 
hg, corresponding to a head of 33.75 ft of water. This gives a 
variation of 0.354 in. hg, or 0.41 ft of water. This corresponds 
to (0.41/40) X 100 = 1 per cent change in o, or a 2 per cent 
change in output. For the 25,700-hp unit previously considered, 
this amounts to a reduction of 500 hp. 

Also during 1934, the maximum barometric pressure at Balti- 
more was 30.732 in. of hg, which corresponds to 34.85 ft of water, 
while the minimum barometric pressure was 29.307 in. of hg, 
which corresponds to 33.22 ft of water. The difference between 
the maximum and minimum heads is 1.63 ft of water. This 
corresponds to (1.63/40) X 100 = 4.07 per cent change in o, ora 
change in unit discharge of (0.204/2.48) X 100 = 8.2 per cent. 
For the 25,700-hp unit previously considered, this amounts to a 
reduction of 25,700 X 0.082 = 2100 hp, approximately. 

In high-head installations, the barometric change is not so im- 
portant since o varies inversely as the head. However, in deal- 
ing with low heads, it is plant « which actually changes the safe 
limit to which the machine can be run. It is interesting to note 


4 Julien P. Friez and Sons, Inc., subsidiary of Bendix Aviation 
Corporation, Baltimore, Md. 
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that for the vicinity of Baltimore, the maximum effect of tem- 
perature occurs during July and August, whereas the minimum 
barometer occurs in June and July. The two effects are there- 
fore additive and there is a possible variation of 15 per cent be- 
tween the low barometer in summer and the high barometer in 
winter. If o curves are to be used as a guide to operation, the 
effect of barometric pressure and temperature must be recognized. 


R. E. B. Suarp.§ The I. P. Morris Division of the Baldwin- 
Southwark Corporation has had occasion in several instances to 
avail itself of the cavitation-testing facilities at the Holt- 
wood hydraulic laboratory, and has obtained very accurate and 
valuable data. Referring to the author’s Figs. 3 and 4, certainly 
cavitation enters the picture in the performance of a runner as 
soon as any of the characteristics of efficiency, power, or quantity 
are affected. Therefore, it appears that the limiting value of o 
should be the point where any of these curves start to break. 
It is, therefore, more conservative to use the point of downward 
break in the efficiency, as the limiting o rather than the up- 
ward break in quantity. This figure, it will be noted, shows that 
the break in both efficiency and power occur at appreciably higher 
values of o than the break in quantity. Applying these re- 
sults to the author’s Fig. 4, it is noted that the limiting value of 
o at a discharge of 3.88 is 0.86 according to the break in the quan- 
tity curves, whereas the limiting value of sigma according to the 
break in the efficiency curve at this same quantity is 0.92. 

Again, the writer is of the opinion that it is more logical to use 
the unit horsepower as the basis when stepping-up to the proto- 
type to determine the limiting power at a given limit in o rather 
than to step-up the unit discharge as is the author’s practice. If 
the unit discharge is used as the basis and there is an increase in 
efficiency of the prototype over the model as is usually the case, 
this results in greater power for the same proportional unit dis- 
charge on the prototype. The increase in power means an in- 
crease in differential pressure on the two sides of the blade sur- 
face. On this basis there is a resulting tendency for the limiting 
a of the prototype to occur at a lower corresponding value of unit 
quantity than on the model. 

It can likewise be said, if the unit power is used as the basis 
that this will be accompanied on the prototype by a smaller 
portional discharge with the lower reduction in pressure due to 
velocity head in the draft tube. Nevertheless, the unit horse- 
power as the basis for stepping-up is more conservative and even 
logical, and the writer thinks it should be used. 

Referring to Fig. 7 of the paper, the author’s hypothetical 
curves are actually beyond the theoretically perfect runner in 
that no allowance is made for pressure differential on the two 
sides of the blades due to power developed. Therefore, these 
curves theoretically apply only if the hypothetical runner is 
considered to have infinitely large blade area. It is believed, refer- 
ring again to Fig. 7, that curve D is for a runner with decidedly 
smaller hub diameter than the other curves, and while this repre- 
sents an excellent design, the others, in comparison, are handi- 
capped due to that fact. 

It is noted, referring to Fig. 10 of the paper, that from the 
laboratory tests using the break in the unit discharge versus ¢ 
curve as the criterion for the starting point of cavitation a limit- 
ing output of 34,950 hp was obtained. Fig. 10, however, it will 
be noted, shows that the efficiency curve of the prototype leaves 
the expected efficiency curve with no cavitation at a value, as the 
author points out, of 33,500 hp. While this is not a very marked 
difference, the use of the unit discharge does result in a limiting 
value of power without cavitation that is somewhat higher than 
the field test indicates. 


5 Hydraulic Engineer, I. P. Morris Division, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.E. 
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Referring to Fig. 11 of the paper, the writer fails altogether to 
see the reason for plotting these curves on tbe basis of unit dis- 
charge rather than specific speed. The former value, in the 
writer’s opinion, is decidedly more logical in that it takes into 
account the value of ¢, or speed, and also unit power. The latter, 
of course, is proportional to unit discharge on the basis of equal 
efficiency. 

Referring to the points for the Francis-type runners in Fig. 11 
of the paper, and to the author’s comment to the effect that the 
Francis units tend to run closer to the limiting values of o than 
propeller units, might not this be explained by the fact that some 
of the Francis installations, particularly the older ones, are pro- 
vided with inefficient draft tubes which permit a relatively low 
value of o without pitting? 


R. V. Terry.® It must be agreed that considerable pioneer- 
ing has been done by the author and others associated with the 
Holtwood Laboratory, particularly in connection with the Safe 
Harbor Plant where troublesome cavitation was encountered. 
The contents of the paper reflect the enormous amount of re- 
search work done and the success with which the problems were 
attacked and, toa large extent, solved. 

Cavitation tests were started in the new Newport News Labora- 
tory about a year ago. Turbine models for two plants as well 
as several other models have been investigated for cavitation. 
These include variable-pitch runners as well as fixed-vane run- 
ners, with from 4 to 6 vanes, ranging in specific speed from 100 to 
180. The curve shown in the author’s Fig. 8 marked N,?/25,600 
was derived from these tests. While some of the critical « values 
obtained were somewhat lower than shown by this curve, it is 
felt that, in general, the curve represents the lower limit of good 
practice below which there may be danger from pitting. This 
curve is, however, not directly comparable with the author’s 
curves for two reasons. First, as noted in Fig. 8, the writer’s 
specific speed is based on the rated output or 95 per cent of the 
maximum output. For fixed vane runners the o increases 
rapidly as the gates are opened beyond the point of best ef- 
ficiency. Since these turbines may be operated at the rated 
output where the power is about 5 per cent greater than for the 
point of maximum efficiency, the o has been selected accordingly. 
A somewhat more favorable o-specific-speed relation would re- 
sult if the output were limited to the point of maximum efficiency. 
A second difference occurs in the manner of selecting the o values 
from the test curves. The writer has selected these values from 
the breaks in the efficiency curves whereas the author has, ap- 
parently from Figs. 3 and 4 of the paper, selected the values of 
o« from breaks in the unit discharge curve. The writer finds 
these differences vary from 0.05 to 0.15 o. 

The writer is heartily in favor of adopting o as the criterion for 
comparing cavitation results rather than other coefficients that 
have been proposed by others from time to time. 

It is enlightening for particular studies to compare the values 
of ¢ of various designs on the basis of unit discharge as has been 
done by the author in his Fig. 7. However, this method disre- 
gards the very important consideration of peripheral speed which 
enters into the specific-speed relation. For the benefit of the 
profession as a whole it appears best to compare values of « on the 
basis of specific speed. 

It is interesting to formulate the general relation between o 
and specific speed. The writer has found from analysis of his 
and published test results that, in general, critical o is propor- 
tional to the square of the specific speed and that this relation 
applies to normal designs of Francis turbines as well as to propeller 
turbines of both the fixed-vane and adjustable-vane types. Con- 


6 Hydraulic Engineer, Newport News Shipbuilding and Dry Dock 
Company, Newport News, Va. Mem. A.S.M.E. 


sidering a unit head, the specific speed N, is made up of two fac- 
tors. It varies directly with the unit speed N; and as the square 
root of the unit power P, the latter being approximately propor- 
tional to unit discharge Q;. Critical « has been found to vary 
approximately as the square of the unit speed and directly as the 
unit discharge, or o is proportional to N\°Q;, which is in turn 
proportional to NV,2. The variation of o with unit speed or pe- 
ripheral coefficient ¢ at constant discharge may be obtained from 
Fig. 5 of the paper. The group of curves in Fig. 7 of the paper as 
well as those in Fig. 5, illustrate how o varies approximately 
directly as the unit discharge at constant speed. 

It is interesting to compare the values of o with tho e fora 
hypothetical turbine as is done by the author. As may be 
seen from Figs. 7 and 11 of the paper, the hub has a marked 
effect in increasing o. There are many other factors which make 
it impossible to obtain values of ¢ which are comparable with the 
hypothetical turbine. The reduction of passage area and pres- 
sure caused by the vanes is one important factor. Others are as 
follows: 


1 The necessary angular deflection of the water causing 
pressures on the back side of the vanes lower than the average 
pressure. This effect is partially counteracted by the reactive 
nature of the turbine. That is, a certain percentage of the total 
head is transformed into velocity between the vanes, and the 
presence of this pressure, which varies from a maximum at the 
entrance to a minimum at the discharge, alters the pressure dis- 
tribution on the vanes. 

2 Eddies caused by clearance gap. Clearance cavitation is 
always found at sigma values higher than those at which vane 
cavitation starts. 

3 The unavoidable use of stay vanes and wicket gates across 
the water passage must to some extent produce variations in 
velocity and pressure. 

4 The velocity of flow through water passages is not uniform 
resulting in local velocities higher than the average. This 
effect may be quite large as the pressure variations vary with the 
square of the velocity. 

5 ‘The relative velocities along the surfaces of the vanes are 
very high for propeller turbines so that the effect of the entrance 
edge of the vanes and irregularities in the surface may cause 
marked changes in pressure. 

6 For adjustable-vane runners the shape of the vane can be 
correct only for one condition of speed and discharge. This 
shape may be correct for the entire vane, say when the cord 
angle at periphery is 18 deg. When the vanes are rotated, an 
appreciable amount in the opening direction, the pitch at the 
periphery is much greater and the pitch at the hub much less 
than the average. Then the vane shape is no longer correct. 
Large variations in velocity and angles of discharge oceur which 
tend to cause cavitation. This may to some extent be counter- 
acted by rounding the corners of the vanes, both at the periphery 
and hub. 


Referring to Fig. 11 of the paper, there are several factors which 
make it possible to approach the ideal more closely with the 
lower-speed Francis turbines, some of which factors are as follows: 


1 The hub area is offset in the water passage with reference 
to the discharge or smallest area of the water passage so that the 
net area may be made equal or nearly equal to the discharge 


area. 
2 The greater vane area of Francis runners, made possible 
by the lower speeds and relative velocity without excessive fric- 
tion losses, reduces the proportional underpressure. 
3 Fig. 11 does not take into consideration the much lower 
peripheral coefficient of Francis runners. As pointed out pre- 
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viously, o varies approximately as the square of the unit speed or 
peripheral coefficient. 


4 Clearance cavitation is avoided. 


It is truly remarkable if safe values of ¢ can be obtained in 
line with curve D shown in Figs. 7, 8, and 11 of the paper. The 
writer understands the data for this curve were obtained from a 
fixed-vane runner with six rather steep vanes. It is apparent 
that the value of @ is about 1.75. It also appears that some 
of the data must have been taken at discharges below the point 
of maximum efficiency so that the values of « shown would 
not be safe ones if the turbine were operated normally at the usual 
rating of 95 per cent of full gate power or even perhaps at the 
point of best efficiency. With our usual way of rating turbines 
the advisability of adopting such a value of « would be doubtful. 

From the writer’s observations of turbine models under test 
for cavitation, considerable visual cavitation takes place at 

alues of o somewhat higher than those corresponding with 
breaks in the unit test curves, designated as critical values. 
Such cavitation will no doubt cause trouble from pitting if the 
critical values are approached too closely. Cavitation model 
tests, of course, give quite valuable information in connection 
with the selection of safe plant values of ¢. However, the test 
results should be applied with a great deal of caution. The 
selection of safe values of o from model tests is not an exact 
science by any means. _ [t is best to be conservative. 

Some margin in o may be required because of the necessity 
for speed regulation. It is quite conceivable that sufficient dis- 
turbances in pressure may be set up due to movement of the 
wicket gates to necessitate the adoption of values of o higher 
than would otherwise be necessary. 

There seems to be some doubt regarding the effect of physical 
dimensions of the turbine on the critical value of «. There is a 
leaning toward the opinion that a slightly higher o is required 
with larger units to prevent cavitation. This opinion seems to be 
borne out by the recent studies at the Massachusetts Institute of 
Technology where it was found that the severity of cavitation in- 
creases with the physical dimensions. 

Experience has shown that simple and direct water passages 
are preferable to more complicated shapes, particularly for run- 
ners, both from the standpoint of efficiency and cavitation. 
Abrupt changes in curvature and reversal of curvature should be 
avoided. 


F. H. RoGers.? The paper presented by Mr. Davis on the 
work carried on in the Holtwood laboratory is an extremely 
interesting one and contributes valuable information to the 
subject of model tests not only for determining efficiency and 
horsepower, but also for obtaining the cavitation characteristics 
of the model unit under the various conditions to be encountered 
in the final installation. 

The Baldwin-Southwark Corporation with which the writer 
is associated has made use of this laboratory in determining the 
cavitation characteristics of several of our model runners, and 
have used the data obtained in these tests in fixing the proper 
setting of the runners with respect to tail water in order to avoid 
cavitation in the field. 

Mr. Davis discusses at length in his paper the effect of step-up 
in efficiency between the model and the prototype, and draws 
attention to the fact that there is no very definite agreement 
among hydraulic engineers as to how this step-up in efficiency is 
to be properly interpreted with regard to the power output. 
Mr. Davis states that there is no information available as to 
whether the increased efficiency is obtained as a result of increased 


7Chief Engineer, I. P. Morris Division, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.F. 
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output from the same quantity of water or decreased quantity for 
the same output. 

It is the writer's belief that the increase in efficiency of the 
prototype is the result of a decrease in the internal loss in head 
due primarily to the larger water passages. On this basis the 
increase in efficiency of the prototype is due to a greater effec- 
tive head causing an increase in the quantity of water but a larger 
increase in the output. 

To determine the relative increase in output as compared to 
quantity, let h = head on model; Ahk = gain in head on prototype; 
En,» Qn,» hD, = efficiency, quantity, and output for model;.and 


E,, Q,, hp, = efficiency, quantity, and output for prototype. 
Then 


h Ah 
h+ sh\” 
Q, Q,, 
h + Ah 
hp, = hp, ao 


For the usual small values of Ah, this means that the percentage 
increase in hp will be about three times the percentage increase in 
the quantity of water, and about one and one half times the in- 
crease in efficiency. However, in practice it is sometimes found 
that, although the efficiency of the prototype increases, the out- 
put does not increase in the previously mentioned ratio. This is 
due probably to the fact that the prototype is not an exact 
reproduction of the model unit. Thus, in producing the pattern 
or casting, if the outflow area of the prototype is slightly smaller 
than the area stepped-up from the model, the output of the former 
would be reduced below the expected value. 

The author’s method of comparing cavitation tests on various 
models plotted against unit discharge is of considerable interest 
and the curves for the hypothetical turbine in Figs. 7 and 11 of the 
paper, although as pointed out impossible of attainment, at least 
show the direction for future efforts. 

In discussing Fig. 8 of the paper, where o is plotted against 
specific speed, the author intimates that test D shows substantial 
improvement over the curve plotted by Rogers and Sharp. It 
should be pointed out that these two curves are not directly com- 
parable, for as stated in the paper, curve D is plotted between 
specific speed and critical o for the runner, whereas the curve by 
Rogers and Sharp shows the relation between specific speed and 
plant o. As there should always be a reasonable margin be- 
tween the runner critical o and the plant o, tie latter curve if 
drawn for runner o would approach curve D more closely than 
shown in Fig. 8 of the paper. 

This matter of margin to be allowed between runner and plant o 
is a very important one as it affects on one hand the possible 
loss of efficiency and power and pitting if the margin is too small, 
and on the other hand greater expense in excavation if the margin 
is unnecessarily large. Experience alone can answer this ques- 
tion, and it would be of great benefit to both the power companies 
and manufacturers if all available data were published as to 

cavitation tests on models and the performance of the units in 
the field both as to efficiencies and pitting. 

The work carried on by the Holtwood laboratory is of great 
value to the industry and it is hoped that further research along 
these lines will be continued. 


E. Brown.’ Mr. Davis has described in sufficient detail the 
general procedure followed in determining the cavitation char- 
acteristics of turbine models on which the designs for the Safe 
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Harbor development were based. For the clearer presentation 
of the principles involved in such work, typical curves showing 
efficiency, unit discharge, unit power and e«vitation factor o, 
in their different relations are given. The break in the ef- 
ficiency, or discharge curves in relation to o is shown to be the 
basic criterion in the interpretation of results. It wouid add to 
the value of the paper if a set of actual curves corresponding to 
the author’s Fig. 3, for a number of gate openings were added, 
showing the individual observations, and the smoothed results. 
Mr. Davis refers to the difficulty in determining the break ex- 
actly, and the writer has experienced the same difficulty in con- 
nection with cavitation tests carried out in the testing laboratory 
of the Shawinigan Water and Power Company at Shawinigan 
Falls. Fig. 3 of the paper shows clearly the general principle 
that as o is progressively decreased, efficiency begins to decrease 
before unit discharge begins to increase. The curves do not, 
however, show the increase in efficiency just before cavitation 
starts, which Mr. Davis submits as an explanation of the differ- 
ence in o values at which the critical breaks occur. The writer’s 
experience has been that sometimes such an increase of efficiency, 
followed by a sharp decrease, occurs at certain gate openings, 
whereas at other gate openings the curves are even more rounded 
than those shown in Fig. 3 of the paper, and show no increase of 
efficiency, but rather a progressive decrease as o is reduced. 
The arrangements at Holtwood are, however, more flexible in 
some respects than those at Shawinigan Falls where the labora- 
tory was established at an earlier date than that at Holtwood. 
Tests involving small variations of ¢ can be made more expedi- 
tiously in the Holtwood plant, and the form of curves of the type 
shown in the author’s Fig. 3 can be more readily explored in the 
vicinity of the breaks. Mr. Davis evidently finds the same 
difficulty at times in determining the breaks as the writer has had, 
although tests have been made at many more values of c. 

The comparison made in Fig. 10 of the paper is not clear to the 
writer. It shows an expectancy curve of power and efficiency 
based on a model test at high o value and with no cavitation, 
and a curve of results of a test of a large unit when operated at a 
low o value. The ¢ values would be the same in each case. 
The efficiencies shown in the former curve must be those of the 
model, or these same values stepped-up by some formula. Else- 
where, Mr. Davis refers to the uncertainty regarding the ap- 
plicability of step-up formulas to values other than the point of 
peak efficiency, but it is only beyond the peak efficiency that the 
curves in Fig. 10 show any divergence. Furthermore, the com- 
parison is made, not by using the efficiencies found by test of the 
model (or those same efficiencies when stepped-up), and the 
efficiencies found in the test of the large unit, but by calling both 
peak efficiencies 100 per cent and expressing efficiencies at other 
loads as percentages of peak efficiency. Here, it appears to the 
writer, there is room for error. The curves in Fig. 10 show a 
divergence, but unless the writer misunderstands the basis of 
comparison, it is not clear that the divergence can be definitely 
attributed to cavitation. Whatever be the effect of increase of 
dimensions, i.e., step-up effect, it is present in the actual unit, 
and therefore present in one of the curves in Fig. 10. Some as- 
sumed step-up effect may be present in the other curve, or else 
model efficiencies alone were used. In either case comparisons 
do not appear to be well justified. Mr. Davis most properly 
regrets the uncertainty attending the use of step-up formulas. 
After all, the term “large”’ is a relative one. Any service unit is 
but a model of a still larger one, and while acceptable means of 
measuring small quantities of water are available, no such agree- 
ment has been reached regarding the accuracy of measuring 
large quantities. This remains, and is likely to remain, one of 
the difficulties in translating results of model tests into terms 
applicable to much larger units. Until the results of tests on 


large units are as generally acceptable in regard to their ac- 
curacy as are the results of tests on small models, there can be no 
complete agreement regarding step-up formulas. While marked 
lack of agreement exists, comparisons such as those in Fig. 10 
must not be given undue weight. The curves do not seem to 
show reduction in capacity to which Mr. Davis refers in his text, 
but only reduction in percentage of peak efficiency The ab- 
scissas show actual turbine output. 

The writer can confirm, at any rate from part of his experience, 
the fact that pitted areas on cast-steel runner blades welded with a 
stainless steel and subsequently ground and polished to a good 
contour, do not subsequently pit so readily as do areas similarly 
located and similarly welded, without subsequent grinding and 
polishing. These were blades of a high-speed propeller unit 
liable to some local cavitation. In another case, not in his own 
experience, but equally well-founded, it was found best to omit 
grinding and polishing after welding. This was in a low-head 
unit about 20 years old, in which cracking of cast-iron blades 
called for repairs. In the former case the trouble probably arose 
from cavitation, and in the latter case from lack of mechanical 
strength. 

Those who have been brought into close contact with the 
problems arising in hydraulic turbines will probably agree that 
water in large bulk is a fickle substance. The success of modern 
turbines of large capacity, particularly those of high specific 
speed has been made possible largely through tests of models. 
At the same time, this increased capacity has limited the number 
of machines which can be tested, thereby affording the desired 
comparisons between mode! and prototype. Furthermore, the 
difficulty in measuring the quantity of water used in these large 
units has introduced doubts in making such comparisons, and 
has stimulated interest and endeavor in improving methods of 
test. Again, however, units of large capacity, being few and far 
between, and local conditions as to site and general layout being 
very different even in these few cases, questions of the applic- 
ability of particular methods of water measurement under differ- 
ent conditions will arise. The engineer, as usual, has to use his 
best judgment in the interpretation of available (and sometimes 
conflicting) information, and model testing has unquestionably 
proved its usefulness. 


AvrHor’s CLOsURB 


Mr. Scoville has added some interesting and useful data, part 
of which are based on tests made at Holtwood after the paper! 
was published. As Mr. Scoville stated, the Bonneville model 
runner was the first to be tested at Holtwood which did not show 
improved cavitation conditions as the speed was reduced. The 
Bonneville design is rather unique in that the range of operating 
values of @ straddle the best efficiency ¢. It now seems probable, 
although the proof is not available yet, that the cavitation 
characteristics of a turbine follow the efficiency characteristics 
in relation to variable ¢. 

From Fig. 3 of the discussion, it is evident that it is impossible 
to predict the maximum overspeed of a propeller turbine without 
investigating the effect of variable o on overspeed. It is probable 
that the actual overspeed possible on many present propeller 
installations considerably exceeds the estimated overspeed based 
on tests made at values of o much greater than values of plant ¢. 

Mr. Spannhake’s analysis of the probable effect on discharge 
and power output on the step-up in efficiency from model to 
prototype is most instructive. No doubt a study of available tests 
on prototypes with corresponding data from tests of models 
would yield some very interesting information. 

Miss Soroka has stressed a number of points which must be 
considered in the operation of a low-head unit to insure a rational 
limiting output for all operating conditions. It should be kept 
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in mind that the effect of temperature change on vapor pressure 
is progressively greater as the temperature increases. If the 
“maximum water temperature is assumed to be 75 F instead of 
90 F, then the effect on power output, in Miss Soroka’s example, 
is reduced from 1800 hp to about 1000 hp. 
Mr. Sharp is undoubtedly correct in assuming that cavitation 


, Starts as soon as any of the characteristics of efficiency, power 


or discharge are affected. The one argument which may be cited 
in the favor of the use of the unit-discharge characteristic is that 
it is entirely independent of mechanical troubles such as variable 
friction. Of course, if there is an appreciable discrepancy, the 
more conservative break should be used. The selection of the 
test used for plotting the curves shown in Fig. 3 of the paper was 
rather unfortunate. Under normal circumstances the break in 
the efficiency curve would be used in determining the starting point 
of cavitation when the discrepancy between the breaks is so great, 
but for the series of tests, of which the one referred to is a part, 
the breaks coincide almost exactly at all lower blade angles. 

There can be no question but that the use of the unit horse- 
power as the basis for stepping-up the efficiency is more con- 
servative. For design purposes it is the preferable method, 
although for operating purposes it is probable that the other 
method can be used to economic advantage. 

The first paragraph of the discussion by Mr. Terry may give the 
impression that serious cavitation has been experienced at Safe 
Harbor. The fact is that in relation to an annual output per 
unit of well over 100,000,000 kwhr, the cost of repairs already 
incurred, including any loss due to outage of units, is of very 
minor importance. As stated in the paper, it has been concluded 
that the major portion of the pitting resulted from local cavitation 
induced by irregularities in the blade surface. By careful repair 
work it is felt that the local cavitation has been largely eliminated. 
However, it is true that the experimental work carried on in 
the Holtwood laboratory was of great value in establishing 
operating procedure. Operating load limits were developed 
which insure the same minimum pressure on the suction side 
of the turbine under all head conditions to guard against the 
possibility of operating in the range of cavitation under certain 
conditions of head and being excessively safe under other con- 
ditions. It is certain that if the experimental work had not been 
carried out, the pitting would have been much more serious. 

Mr. Terry is to be thanked for his analysis of the many factors 
which prevent the attainment of the performance of a hypo- 
thetical turbine, as well as for the explanation of the fact that 
Francis turbines approach this ideal more closely than propeller 
turbines. 

In reference to Dean Brown’s question regarding Fig. 10 of 
the paper, it should be pointed out that a step-up formula was 
developed which stepped-up the model data to coincide with the 
efficiency curve of the prototype obtained from a test made under 
normal head conditions. This formula was then used to obtain 
the expected curve with no cavitation shown in Fig. 10 of the 
paper. 


Cause and Prevention of Turbine- 
Blade Deposits’ 


C. R. Sopersera.? Although the scaling of steam turbines 
has been a major problem in power plants for several years, very 
little research work of a fundamental nature has been done so far. 


1 Published as paper FSP-57-14, by F. G. Straub, in the November, 
1935, issue of the A.S.M.E. Transactions. 

2? Manager, Turbine Engineering Dept., Westinghouse Electric 
and Manufacturing Company, South Philadelphia, Pa. Mem. 
A.S.M.E. 
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Therefore, Professor Straub’s paper is of interest to manufactur- 
ers as well as to users of steam turbines. 

The principal reason for the apparent lack of fundamental work 
on the subject is due undoubtedly to the fact that scaling has 
been regarded chiefly as a problem in boiler and plant operation. 
The turbine designer has been concerned principally with solving 
secondary difficulties such as corrosive troubles, and to facilitate 
the removal of scale without permanent injury to the turbine de- 
tails. As a result, there has not been available to the turbine 
designer the same complete statistics on this question as on other 
similar problems. 

The summary of the conclusions reached by the author from a 
study of the available data gives, as a first point, the surprising 
fact that the deposits found are independent of steam pressure or 
temperature. Data which the writer has available do not en- 
tirely support this conclusion. It is true that scaling has been 
recorded at one time or another in all classes of steam conditions, 
but it is the writer’s impression that the tendency is definitely 
much greater for steam pressures above 400 lb per sq in. and tem- 
peratures above 700 F. It would be interesting to have some 
additional comments on this point. 

The mechanism of scaling advanced by the author does not 
violate directly any data available to the writer, except for the 
fact that the percentage of sodium hydroxide found in the scale 
taken from turbine blading is usually very low, and in a few in- 
stances of severe scaling no trace of sodium hydroxide has been 
reported. In those instances, however, the percentage of sodium 
carbonate has been rather high, and it is conceivable that enough 
carbon dioxide has been present, after opening the turbine, to re- 
act with the hydroxide to form carbonate. A definite confirma- 
tion of this fact would be of interest as an additional proof of the 
hydroxide theory. 

The author’s explanation of the stickiness of sodium hydroxide 
is not the only one possible. The melting point of sodium hy- 
droxide is of the order of 600 F and the stickiness might be due to 
actual melting. The writer regards as significant the fact that 
in his experience scaling normally does not start in the turbine 
at points above 600 F. Exact observations are very difficult be- 
cause the loading schedule of a turbine may vary over the time 
that scaling is normally observed, but there does not seem to be 
any doubt of the existence of a temperature limit in the neigh- 
borhood of 600 F. Further comments on this question would 
be of great interest. 

Regardless of whether or not sodium hydroxide is the only of- 
fender, and regardless of the real cause of the stickiness, there is 
probably unanimity in the conclusion that scaling would not occur 
if the impurities remained as a dry dust. As the expansion pro- 
ceeds to lower temperatures, however, it is entirely probable that 
other constituents than sodium hydroxide become sticky and 
facilitate scaling. In addition, there is the possibility that some 
of the scale is deposited by crystallization in a manner similar to 
that occurring when boiler tubes are scaling. 

Scaling is usually observed at points of highest velocity in the 
blade path, and it has been suggested that the higher the velocity 
the greater the scaling, a conclusion that certainly agrees with 
general experience. It appears more reasonable, however, to as- 
sume that scaling starts in places where the flow may leave the 
walls and form active eddies. With clean blading, this is most 
apt to occur at points of maximum steam velocity. As the scal- 
ing progresses, eddies are formed over larger and larger areas 
and eventually the entire surface of the blade may be covered. 
This particular phenomenon is one that is worthy of further 
investigation. 

Scaling is usually confined to the path of the main steam flow, 
the leakage path seldom showing appreciable deposits. This is 
probably associated with the fact that not enough impurities go 
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through the leakage path to form an appreciable thickness of de- 
posit. 

No fundamental difference has been observed in the deposits 
of stationary nozzles and rotating blading, except where the scale 
on the rotating blades may be thrown off by centrifugal force. 
This rule appears to hold for impulse as well as reaction turbines. 

No consistent difference has been observed with regard to the 
comparative behavior of reaction and impulse turbines. In com- 
bination turbines, the impulse wheel is frequently above the tem- 
perature range when scaling occurs, so that in this class of ma- 
chine the deposits are chiefly confined to the reaction blading. 
However, some of the worst offenders have been machines of the 
impulse type. 

The prevalent method of washing by desuperheating the 
steam has generally worked out well, but the washing procedure 
represents a severe strain on the turbine. Some of the expense: to 
be charged to the scaling trouble are nondescript maintenance 
items, more or less directly traceable to the washing process. 
With the advance toward higher and higher inlet temperatures, 
this washing procedure involves greater risks, and the economical 
incentive for eliminating the impurities in the steam is very 
great. A fair amount of success appears to have been accom- 
plished with steam purifiers between the boiler and the super- 
heater, and it is to be hoped that this method will eventually be- 
come universal. In the meantime, the writer hopes that the 
valuable results obtained by the author will find application in 
the power industry. 


G. B. WarrEN.* One of the important elements of steam- 
turbine operation has been investigated by the author and the 
writer believes that the results will aid in a more complete solu- 
tion of the problem involving turbine-blade deposits. The 
writer has not had an opportunity to attempt to correlate the 
author’s principles with the observed occurrence of the deposits 
as noted in turbines open for inspection. It is quite probable 
that there are not sufficient data on which a complete correlation 
could be based. From the writer’s recollection of these deposits 
and the general way in which they occur, he is inclined to think, 
however, that the condition of the expanding steam through the 
turbine may have an appreciable effect upon the way in which 
the deposits occur; and that, therefore, the author’s experimental 
investigation, covering as it does the conditions in one stage only, 
may not completely reflect the situation which exists in a turbine. 
The writer is not certain on this point and merely expresses a 
doubt because it has been observed frequently that the deposits 
may occur suddenly in a t rine at a particular stage. Some- 
times one or two stages alone will carry deposits while the pre- 
vious stages and the succeeding stages will be relatively clean. 
This condition has been particularly marked in some installa- 
tions where high initial pressure and high back pressures are used. 
The latter stages in these machines have sometimes been affected. 
In this case, of course, not only is the capacity of the machine 
affected so far as steam flow is concerned, but also the distribu- 
tion of energy through the machine is very greatly modified and 
the efficiency reduced. This situation of deposit lower down in 
a machine has been so marked in certain cases as to lead some 
engineers to believe that it occurs during expansion when the 
steam reaches a temperature close to its original boiling point in 
the boiler. 

The writer would like to suggest to the author that a fruitful 
method of further investigation might be to extend the investiga- 
tions mentioned in the early part of the paper and to attempt to 
collect from an even larger number of power stations their experi- 
ence with deposits, taking both those stations which have and 


’ Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 


have not observed deposits, and attempt from thes? data to corre- 
late the relationship between the place where deposits occur, the 
severity of the deposits, the general load conditions through 
which the turbines operate, feedwater analysis and treatment, 
and the pressure and temperature at which the stations operate. 
Particular attention might be paid to those stations where the de- 


s0sits by one method or another have been reduced. The writer 
. 


believes that such an analysis might increase vastly the useful- 
ness of the information already obtained and definitely determine 
whether or not the present investigation has gone far enough to 
cover all the types of cases that may be encountered and whether 
the suggested remedy will take care of the situation. 

In this connection, the writer would also suggest that not only 
should condensing stations be considered where the feedwater 
make-up is relatively low and either well treated or evaporated, 
but that also there be included in this investigation a number of 
stations of the industrial or noncondensing type in which the per- 
centage of new make-up is high, sometimes running from 40 to 
100 per cent. This type of station is becoming of increasing im- 
portance and a feedwater treatment which will permit the safe 
operation of turbines at high pressures and temperatures and 
without the energy loss and high investment resulting from the 
use of evaporators as at present between the exhaust of the tur- 
bine and the industrial steam supply should certainly be of ma- 
terial value. 


F. Micueu.‘ It may be of interest to know that investiga- 
tions made by the Siemens-Schuckertwerke, in Berlin, Germany, 
in connection with the Benson boiler showed results quite similar 
to the research work of Professor Straub on turbine-blade de- 
posits. The performance of the Benson boiler in that respect 
seems to be the same as, or even better than, that of the conven- 
tional boiler. It was found also that sodium hydroxide was the 
principal offender, especially when in combination with silicate. 

Professor Straub’s Fig. 1 shows that with 600 Ib per sq in. 
pressure at 700 F, the concentration of the caustic would com- 
prise approximately 80 per cent NaOH and the remainder 20 per 
cent water. Apparently, this forms a pasty or semifluid mass, 
which tends to stick to the blades. The writer believes that the 
melting point of sodium hydroxide should be considered in this 
connection. Under atmospheric pressure, this point is 604 F. 
Forgetting the probably small influence of pressure on the melt- 
ing point, we can assume that above 604 F, droplets of a sodium- 
hydroxide solution carried over into the superheater will always 
be in the liquid state, regardless of the extent of the caustic con- 
centration. 

Furthermore, it is important to note that salts, like alloys, 
form eutectic mixtures. For instance, a mixture of 83 per cent 
sodium hydroxide and 17 per cent sodium carbonate has a melt- 
ing point as low as 536 F, whereas sodium carbonate alone melts 
at 1570 F, and sodium hydroxide, as previously stated, at 604 F. 
Cons. ring the multiplicity of salts present in the boiler feed- 
water in varying proportions, the effect of eutectic mixtures 
opens a wide range of possibilities. How far-reaching they may 
be is not yet known. 

Such salts carried over in solution from the boiler will lose, 
partially or entirely, their moisture content in the superheater. 
The remainder will pass through the superheater and into the tur- 
bine ina liquid state either as droplets or as a film on the superheater 
walls. The salts may deposit on the turbine blades as soon as 
the temperature becomes low enough for solidification to occur. 
There may be other salts which will pass the superheater and into 
the turbine as dry dust, which may be included in the solidifying 
mass in a similar way to that which Professor Straub has pointed 


4 Doctor of Engineering, Benson Boiler Department of the Siemens- 
Schuckertwerke, Berlin, Germany. 
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out. Different deposits in different stages of the turbine can be 
explained by the different melting points of the salts or salt mix- 
tures passing through the turbine. 

The writer’s discussion should be regarded as somewhat hypo- 
thetical, because the phenomenon referred to has not been fully 
demonstrated. The discussion is intended to amplify the au- 
thor’s conclusions, particularly in cases of temperatures higher 
than the melting points of the salts in question. 


T. C. Rarusone.® Although the chief complaint chargeable 
to blade deposits is the reduction in capacity and efficiency, at- 
tention is also called to the fact that severe deposits have caused 
blade wrecks and thrust-bearing failures. 

The author refers to the process of blade washing in such a way 
as to infer that it is a common routine practice. Lest operators 
who have had no previous experience with the practice assume 
that it can be carried out with impunity, the writer would like to 
sound a warning here that the operation can be very hazardous 
if certain precautions are not observed. 

The modern steam turbine operates at large temperature dif- 
ferentials within its parts, and running clearances are held to the 
very minimum in the urge for efficiency. Sudden contractions 
of portions of the turbine, brought about by excess of water in 
desuperheating, have caused major damage such as wrecking of 
packing and blading, and permanent distortion of the rotor. 

The individual manufacturer should be consulted before at- 
tempting this process, and his suggestions as to method of intro- 
ducing the water, installing temperature-recording instruments, 
and controlling the rate of desuperheating should be followed 
faithfully. 


M. K. Drewry.® The utility of the paper by Professor Straub 
marks it as an unusually desirable one. Though necessarily of 
theoretical and experimental nature, the subject has been treated 
in a thoroughly practical manner. The paper should assist 
greatly in reducing a waste which is elusive, often unsuspected, 
and not easily corrected. 


The Correlation of Spring- Wire Bend- 
ing and Torsion Fatigue Tests’ 


H. J. Frencu.? In this paper the author refers to delayed 
fractures in hardened, also hardened and slightly tempered steels, 
discussed in the Campbell lecture* given by the writer in 1933, 
and he states: ‘‘The steels were all nickel steels and delayed 
fractures were observed at hardnesses above the range 45 to 50 
on the Rockwell C seale, but not at lower hardnesses. No men- 
tion of the same effect in straight carbon steels was found in the 
literature.”’ 

This statement by the author is incorrect, because the 
plain carbon steels were shown in the paper mentioned, to be 
equally susceptible to the phenomenon of delayed fractures in 
fatigue tests. In Table 1 of the writer’s paper® there is a foot- 
note listing the steels in which delayed fractures were observed. 
This list included a plain 0.87 per cent carbon steel. 

From a purely metallurgical viewpoint, the writer would expect 


5 Chief Engineer, Turbine Division, Engineering Department, The 
Fidelity and Casualty Company of New York, New York, N. Y. 
Mem. A.S.M.E. 

6 Assistant Chief Engineer of Power Plants, Milwaukee Electric 
Railway and Light Company, Milwaukee, Wis. Mem. A.S.M.E. 

1 Published as paper RP-57-1, by E. E. Weibel, in the November, 
1935, issue of the A.S.M.E. Transactions. 

2 The International Nickel Company, Inc., New York, N. Y. 

3“Fatigue and Hardening of Steels,” by H. J. French, Trans. 
A.S.S.T., vol. 21, 1933, pp. 899-946. 
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this phenomenon to be more prevalent in carbon steels than in 
alloy steels. 

These facts are called to the attention of the author to 
avoid misinterpretation of the author’s reference to delayed 
fractures. 


AuTHOR’s CLOSURE 


The author wishes to thank Mr. H. J. French for calling atten- 
tion to his reference to the occurrence of delayed fractures in 
straight carbon steels which inadvertently had been overlooked. 


“valuation of Effective Radiant Heat- 
ing Surface and Application of 
Stefan-Boltzmann Law to Heat 
Absorption in Boiler Furnaces’ 


C. F. ScumMarse.? The concept of the effective radiant heating 
surface discussed in this paper is useful in the computation of 
heat transfer by radiation. It depends, however, upon a number 
of factors which must be carefully evaluated, and few data are 
available at present for the proper evaluation of the slag factor 
F; and the average conductivity factor Fe. 

From the data given by the author in Table 6, there have 
been computed slag factors of Fs = 0.88 and Fs = 0.78 for 
tubes 55 per cent and 100 per cent, respectively, covered with 
slag °/; in. in thickness. It appears to the writer that these 
factors might be somewhat high, inasmuch as they were obtained 
on a basis of equal boiler outputs. Since the slag factor is one 
of the factors which must be multiplied by the radiation inten- 
sity, it seems that it should be determined on a basis of equal 
radiation intensities, rather than equal boiler outputs. On 
this basis the slag factors would be lower than those which have 
been computed, inasmuch as for a given boiler loading the radia- 
tion intensity in the furnace cavity increases with the dirtiness 
of the waterwalls. 

The results of some experimental determinations of the effect 
of slag on radiant-heat transfer to a steel surface have been 
reported in the addenda’ to a recent paper‘ on radiation intensi- 
ties. These results have been expressed in the form of the 
equation 


X/I = 0.872(1 — 0.8D) 


in which X is the rate of heat absorption by radiation at the test 
surface, Btu per sq ft per hr; J is the radiation intensity, Btu 
per sq ft per hr; and D is the fraction of the steel surface covered 
with slag or ash. 

To make comparisons with the present work,! we have 


as the average slag factor for ash and slag coverings */i.5 in. to 
13/, in. in thickness. It was found that this factor did not 
vary much with the thickness of the coverings; so for the range 
of thicknesses usually occurring in boiler furnaces, this average 
value may be used. This equation gives Fs = 0.56, when D = 
0.55, and Fs = 0.20 when D = 1.00. These values are some- 


1 Published as paper RP-57-2, by H. F. Mullikin, in the November, 
1935, issue of the A.S.M.E. Transactions. 

2 Assistant Fuel Engineer, Battelle Memorial Institute, Columbus, 
Ohio. Jun. A.S.M.E. 

3 Discussion of ‘Radiation Intensities and Heat Transfer by 
Radiation in Boiler Furnaces,”’ by H. O. Croft and C. F. Schmarje, 
Trans. A.S.M.E., vol. 58, no. 2, February, 1936, pp. 117-122. 

4‘‘Radiation Intensities and Heat Transfer by Radiation in 
Boiler Furnaces,” by H. O. Croft and C. F. Schmarje, Trans. 
A.S.M.E., vol. 57, no. 3, 1935, paper FSP-57-4, pp. 105-113. 
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what lower than those computed from the data in Table 6 of 
the paper. 

The method of computing heat absorption outlined in this 
paper is much the same as that proposed by DeBaufre.’ In 
both papers, attempts are made to use the furnace-outlet tem- 
perature in the Stefan-Boltzmann law. The Mullikin paper! 
uses an “effective heating surface” instead of DeBaufre’s “effec- 
tiveness factor.” Both apparently assume the heat transfer by 
convection to the cold surfaces in the furnace to be negligible. 
Actually, this may not always be true, in which case it would 
be unsound to make use of the Stefan-Boltzmann law for com- 
puting the total heat absorption by radiation and convection to 
the cold surfaces in the furnace. Even though the Stefan- 
Boltzmann law were the proper one to employ in the computa- 
tion of heat transfer by radiation, the selection of the furnace- 
outlet temperature as the mean radiating temperature may not 
always be correct. 

A method of attack has been suggested‘ which does not involve 
the selection of the mean radiating temperature. By this 
method‘ the experimental procedure consists in measuring the 
intensity of radiation at the furnace walls. The mean radiation 
intensity thus found, multiplied by the “effective radiant heating 
surface” yields the rate of heat transfer by radiation. As a 
result of a series of measurements of radiation intensities at the 
furnace walls during a group of boiler tests, an equation has been 
derived for computing the mean radiation intensity in terms of 
the various operating conditions. Similar measurements on 
different types of furnaces may be expected to yield results 
which will aid in the computation of the mean radiation inten- 
sity in most boiler furnaces. 


W. L. DeBaurre.* In 1926 the writer reported’ on the 
performance of a steam generator with a completely water-cooled 
furnace and used therein the Stefan-Boltzmann radiation law 
based on the rurnace-outlet temperature but realized when he 
did so that a number of errors were involved. The formula 


where R = heat radiated, Btu per lb of fuel fired; F = fuel 
fired, Ib per hr per sq ft of water-cooled surface exposed to radia- 
tion; and EZ = effectiveness factor of the water-cooled surface. 
This formula is similar to the author’s Equation [3]. 

The writer has since replaced F in the foregoing equation by 
its reciprocal S, where S = sq ft of water-cooled surface per lb 
of fuel fired per hr. This substitution simplifies the considera- 
tion of various kinds and arrangements of heating surfaces S,, 
S:, Ss, etc., with different effectiveness factors E,, E2, Es, etc. 
The foregoing formula then becomes 


4 ‘4 
R = + ES: + + etc.) (25) one ] 


The area of each kind of heat-absorbing surface provided per 
pound of coal fired per hour is thus multiplied by a factor repre- 
senting its effectiveness in absorbing heat and the resulting 
products are added to obtain the coefficient of the temperature 
term. 

A number of calculations are now being made by the writer 
preparatory to the plotting of curves which will enable one to 


5 “Heat Absorption in Water-Cooled Furnaces,” by W. L. De 
Baufre, Trans. A.S.M.E., vol. 53, 1931, paper FSP-53-19a, pp. 253- 
264. 

* Professor of Engineering Mechanics, University of Nebraska, 
Lincoln, Neb. Mem. A.S.M.E. 
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obtain with very little calculation the furnace-outlet tempera- 
ture for a number of typical fuels. In using these curves, it 
will simply be necessary to calculate the areas of the various 
heat-absorbing surfaces and then multiply each area by its 
effectiveness factor in order to obtain a summation of the prod- 
ucts for picking the furnace-outlet temperature from a family 
of curves corresponding to items such as preheated-air tempera- 
ture and percentage of excess air. 

A nearly correct determination of the furnace-outlet tempera- 
ture is particularly important in designing high-temperature 
steam superheaters now coming into use. For determining the 
efficiency of the complete boiler unit with air heater, the correct 
determination of the furnace-outlet temperature is not nearly so 
important because an appreciable error in that temperature 
results in but a small error in the stack temperature. 

Whatever method of calculation be used for predetermining 
the furnace-outlet temperature, good judgment is required in 
allowing for the character of such items as the fuel, the method 
of combustion, and the cleanliness of the heat-absorbing surfaces. 
For this reason, the writer prefers to use effectiveness factors 
for various types of heating surfaces because of his opinion that 
“effectiveness factor” is a more tangible conception for engineers 
to work with than ratios of the heat absorbed to the heating 
value of the fuel for different constructions and methods of 
operation. 

(Discussion following was presented jointly with the discussion 
of the paper by W. J. Wohlenberg and H. F. Mullikin.’) 


C. W. Gorvon.* Writing from the designer’s point of view, 
and also as one who has been associated with the authors in 
compiling the data for these papers,'? the writer believes that 
the basic data are sound and that the experimental data are the 
most comprehensive and most accurate ever presented on this 
subject, therefore making them of real practical value. 

With reference to superheater performance, it is thought 
generally that only one set of conditions will give the desired 
performance. Fortunately this is not the case. The final tem- 
perature obtained is the result of the influence of many plus 
and minus factors. Obviously, more than one set of conditions 
will give the desired result. It is not conceivable that the de- 
signer will estimate accurately all of the many variables involved. 
It is, however, of primary importance to estimate accurately the 
temperatures of the gas entering the superheater zone. It is a 
relatively easy matter to calculate the drop in gas temperatures 
through the boiler heating surface between the furnace outlet 
and the superheater zone. The calculation of the furnace-exhaust 
temperature is, then, of primary importance to the superheater 
designer. 

In the past, the company with which the writer is affiliated 
has carefully considered every new method advanced. Some 
of these methods multiplied by the “factor of uncertainty” and 
generously modified by experience have given very good results. 
The personal favorite of the writer for pulverized-coal firing has 
been the Hudson formula as modified by Orrok. Experience, 
however, indicates that the constant 27 used in that formula is 
by no means a constant and should be modified for different 
firing methods. The constant of 27 is satisfactory for Lopulco 
firing. The writer’s experience indicates that it should be 
increased to 31 for horizontal firing and to 35 for tangential 
firing. We have used a simple correction for type and cleanli- 
ness of the radiant heating surface. 


7“Review of Methods of Computing Heat Absorption in Boiler 
Furnaces,” by 'V. J. Wohlenberg and H. F. Mullikin, Trans. A.S.M.E., 
vol. 57, 1935, puper RP-57-3, pp. 531-540. 

8 Advisory Engineer, The Superheater Company, East Chicago, 
Ind. Mem. A.S.M.E. 
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The practical designer is confounded from time to time with 
“mystery” installations which give results abnormally high or 
low. His critics simply say that he has made a bad guess. 
There is an explanation to every mystery, but many of these are 
locked in the unknown mechanisms of radiant-heat absorption. 
The papers'’ under discussion make no attempt to solve the 
problem from that angle. These papers do give us a refined 
method of evaluating all known factors and will, therefore, apply 
to 90 per cent of the problems. From the laboratory of the 
physicist will come the basic data which will show the limitations 
of empirical methods and supply the solution to the “mystery” 
installations. 


(Discussion following was presented jointly with the discussion of 
the paper by W. J. Wohlenberg and H. F. Mullikin’ and the 
paper by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 
and C. W. Gordon.®) 


R. A. SHerMAN.'® The authors of the last of the three pa- 
pers'7-* under discussion are to be commended for the successful 
application of the velocity thermocouple to the measurement of 
exit-gas temperatures because of the known inaccuracy of the 
ordinary exposed thermocouple when used in the proximity of 
surfaces at temperatures greatly different from that of the gas. 

When, however, one studies the drawings of the furnaces 
shown in the paper’ and notes the points at which the tempera- 
tures of the exit gases were measured, one wonders whether the 
temperatures obtained were within the limits of accuracy of 
+50 F which the authors estimate. 

The authors discuss their inability to penetrate further than 
7 ft into the gas stream and their conclusions that this was far 
enough to obtain average temperatures. But it will be noted 
that in none of the 10 boilers studied was the exit temperature 
taken from more than one point in the wall. The writer would 
question seriously what assurance there was that the tempera- 
tures measured from this observation point were the average of 
the plane which was undoubtedly up to 20 to 25 ft square. 

In view of the great amount of work done, it seems unfortunate 
that the plane of the exit was not more thoroughly surveyed. 
Perhaps the authors have data on this point which were not 
included because of space limitations. 

Accepting these values and the furnace heat balances computed 
from them as correct or at least comparable as Wohlenberg and 
Mullikin have in the other two papers,'” it is indeed surprising 
that the four methods, of which three are frankly empirical and 
the fourth fundamental, should check so closely. 

The Broido and Orrok methods do not involve the use of the 
furnace-exit temperature directly but the Wohlenberg method 
and the application of the Stefan-Boltzmann law proposed by 
Mullikin do and it appears to the writer that their assumption 
of the exit-gas temperature as the mean radiating temperature 
is a fundamental error. Undoubtedly it is possible to use this 
value and adjust other factors to give the proper result for similar 
furnaces just as it would be possible to use the exit-gas tempera- 
ture instead of a mean temperature in a problem of heat transfer 
by convection if the coefficients were suitably increased. How- 
ever, when the derived formulas were applied to conditions some- 
what different they would probably fail of application. It is 
in the unusual cases that an accurate method for calculation of 
the expected heat transfer is essential; for ordinary cases past 
experience is generally enough. 


®*“‘An Experimental Investigation of Heat Absorption in Boiler 
Furnaces,”’ by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 
and C. W. Gordon, Trans. A.S.M.E., vol. 57, 1935, paper RP-57-4, 
pp. 541-554. 

10 Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. 
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The method used by Eberhardt and Hottel'! seems quite 


logical. They calculate the radiation temperature as the mean 
of the theoretical flame temperature, corrected for dissociation, 
and the exit temperature. This method, while somewhat more 
complicated mathematically does not introduce another un- 
known into the calculation, nor will it involve the use of false 
emissivity values, which may be greater than 1, that the use of 
the low exit temperature is bound to do. 

One of the most difficult of the factors for evaluation is that 
of the effect of slag accumulation on the radiant heating surfaces. 
Obviously the effect of the accumulation of !/, in. of slag over 
the entire surface is different from that of 1 in. over one half the 
surface. Furthermore, the character of the accumulation, 
whether a loosely sintered mass or a thoroughly fused slag, 
undoubtedly affects the extent of reduction of heat transfer. 

Mullikin has attempted! to develop a correction factor for 
slag accumulation from a limited amount of data. He has 
shown, himself, that the relation is incorrect and reduces to 
absurdity in that it becomes greater than 1 for certain slag 
accumulation. The form of this relation should be such that 
the stoppage of radiation by slag accumulation shall approach 
1 as a limit. 


AuvtTHOoR’s CLOSURE 


Theoretically as Mr. Schmarje points out the slag factors should 
be compared on the basis of equal radiation intensities rather than 
equal boiler loads but the accuracy of the data hardly justifies 
this refinement. It is freely admitted that the data upon which 
this factor may be based are quite unsatisfactory. 

A number of variable conditions affect the slag factor such as 
furnace temperature and emissivity as well as the conductivity of 
the slag which depends on its density and composition. These 
variables should be taken into account in addition to the thickness 
and fraction of bare surface slagged, which were the only two 
considered in the paper. To do this requires rather extensive 
data of a fair order of accuracy which, as far as the author has 
been able to discover does not exist at the present. It would not 
appear possible to obtain this data without considerable experi- 
mental investigation. 

This slag factor should take into account reduction in heat 
transmission due to all forms of slag in a general sense. This 
includes coatings of varying thicknesses of powder-like dust, 
light powdered ash, hard-caked slag, and fused glass-like slag. 
It would appear that a coating of light dust would cause a smaller 
reduction in heat transfer than a thick mass of slag. For this 
reason it is believed that the slag factor must be a function of 
thickness. Reference to the determination of radiant heating 
surface for the various furnaces given in the Radiation Committee 
Report® as tabulated in Table 4 of the paper “Review of Methods 
of Computing Heat Absorption in Boiler Furnaces’”’ will show 
that an Fs factor of 0.96 has been used for a number of surfaces. 
This value corresponds to a thickness of 0.125 in. taken as a 
minimum thickness of “slag.” The deposit on the wall for a 
number of these cases consisted of a light layer of dust, yet it 
was deemed desirable to make some reduction in the value of the 
slag factor due to this dust. 

The author wishes to state once again his opinion that the 
reduction of various types of exposed furnace heating surfaces 
to a standard unit basis, taking into account slagging or its 
equivalent, represents at least one half of the furnace heat- 
absorption problem. One may also state that the radiation side 
has been emphasized in the literature far more than the evaluation 
of the radiant heating surface. It should be possible to reach a 

11“‘Heat Transmission in Steel-Reheating Furnaces,” by J. E. 


Eberhardt and H. C. Hottel, Trans. A.S.M.E., vol. 58, no. 3, April, 
1936, paper PRO-58-1, pp. 185-193. 
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better agreement since the estimation of the radiant heating 
surface ought to be independent of the method used to calculate 
radiation to this surface. 

The problem of furnace convection has been treated in the 
earlier Wohlenberg papers (see bibliography of Radiation Com- 
mittee Report’). Based on practical experience, combined with 
theoretical considerations, the author does not believe that con- 
vection amounts to more than 5 per cent of the furnace heat 
transfer in large approximately cubical furnaces having no ap- 
preciable direct flame impingement. As such, it is best included 
in the radiation heat-transfer constants. 

The solution of the furnace heat-transfer problem through 
measurement of the intensity of 1adiation directed toward any 
furnace surface has a disadvantage in that it is indirect. It is 
necessary to estimate the fraction of this available radiant heat 
(presumably of different radiation intensity at different parts of 
the furnace surface) absorbed at each kind of furnace-wall sur- 
face. It is then necessary to calculate the furnace-exit tempera- 
ture. Since it is the furnace-exit temperature in which the 
designer is primarily interested, a direct measurement of this 
value by the high-velocity thermocouple gives a result for any 
particular furnace, which, as far as experimental procedure is 
concerned, does not depend upon further calculation. The 
designer can, in a number of cases, compare the measured furnace- 
exit temperatures for various approximately similar furnaces and 
estimate the probable furnace-exit temperature for a new unit 
directly. Thus a more or less complicated calculation procedure 
may be dispensed with entirely or if used may be checked. 

If the ‘‘mean radiating furnace temperature” is arbitrarily 
taken as the furnace-exit temperature its value is definite. It 
would not appear any more difficult to fix furnace emissivity as 
a function of furnace characteristics than, as Mr. Schmarje has 
done,‘ to fix the furnace average intensity of radiation as a func- 
tion of furnace characteristics. 

The method given by the author is similar to that of Mr. 
DeBaufre® presented in an earlier paper, in that use is made of 
the Stefan-Boltzmann law. Results by Mr. DeBaufre’s sug- 
gested method of attack were not obtained since the proper 
values of the effectiveness factor E for various conditions did 
not appear to be given definitely enough to enable quantitative 
calculations to be made. Mr. DeBaufre’s new paper is awaited 
with interest. 

Mr. Gordon’s discussion of the occasional “mystery furnace” 
indicates the great danger of using data from a single unit upon 
which to base generalized furnace heat-transfer calculation 
constants. 

Referring to Mr. Sherman’s comments on gas-temperature 
measurements, it was possible in all cases to swing the tip of the 
7-ft high-velocity thermocouple inserted at various depths up 
to 7 ft through an arc of nearly 90 deg. In this manner a sub- 
stantially large proportion of the furnace-exit plane was within 
reach of the high-velocity thermocouple tip. This was done in 
the case of all the units tested and it was confirmed repeatedly 
that the gas temperature at various points showed no discernible 
temperature gradient to within 20 in. of the wall. 

The slag factor is discussed in the reply to Mr. Schmarje. 

Mr. Sherman, as well as several of the other discussers, has 
commented on the difference between the true mean radiating 
furnace temperature and the furnace-exit temperature. 

Doubtless considerable confusion in regard to this point has 
been fostered by various investigators in the literature who have, 
without discussion or proof, taken the furnace-exit temperature 
as the mean radiating furnace temperature. Because the differ- 
ence between these two temperatures was not pointed out, the 
two terms are often indiscriminately used one for the other; this 
usage being justifiable only under certain conditions. 
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The author has mentioned this in some measure on page 520 of 
the paper under discussion where the statement is made ‘For 
purposes of simplification. ..... is taken equal to the 
furnace-exit temperature rather than a possibly higher mean * 
radiating furnace temperature.’’ Space considerations preclude 
a more complete analysis of the actual furnace temperature 
distribution, which may perhaps be treated in a future paper. 
Some qualitative comments however are desirable. 

Based on the author’s experience there seems to be no great 
difference between the total radiation to the furnace walls from 
a luminous flame and from a nonluminous flame as far as large 
approximately cubical furnaces are concerned. ‘This statement 
is made with full recognition that various laboratory investiga- 
tions have apparently indicated otherwise. It appears that a 
change from one type of flame to the other in a given furnace 
would merely alter the local radiation distribution rather than 
the total radiation to the walls. Thus in a nonluminous-flame 
gas-fired or oil-fired furnace combustion is nearly instantaneous 
with a somewhat hotter region of gases near the entrance. It 
is not believed that the adiabatic or theoretical combustion 
temperature is reached due to loss of heat by radiation from this 
zone not only to the walls but to lower-temperature gases in the 
furnace. In other words gas interradiation will lower the combus- 
tion-zone temperature although there is no doubt that this 
region is at a somewhat higher temperature than the gases in the 
remainder of the furnace. 

On the other hand in a luminous-flame gas-fired or oil-fired 
furnace or in a furnace burning pulverized fuel the liberation ot 
the heat obtained from combustion is more uniform, with the 
result that the furnace gases reach a still closer temperature 
equality. 

The foregoing conclusions apply only to approximately cubical 
furnaces such as those of the A.S.M.E. Radiation Committee 
Report. Long rectangular duct-like furnaces such as the steel- 
reheating furnaces described by Eberhardt and Hottel'! have a 
considerable temperature gradient between the zone of active 
combustion in the front of the furnace and the gases in the rear 
part of the furnace. In a long fire-tube surface-combustion type 
of combined furnace and boiler (see recent article in Power! for 
typical example) an extreme condition is reached in which the 
furnace has become a long tube with high temperatures at the 
burner end and low temperatures at the furnace- (boiler-) exit 
end. 

For elongated furnaces, for which the author does not recom- 
mend his treatment at present, it seems quite reasonable that 
some temperature between the adiabatic combustion temperature 
and the furnace-exit temperature should be used for furnace 
heat-transfer calculations. 

On the other hand, in approximately cubical steam-boile: 
furnaces a different temperature treatment seems justified. 

The mean furnace radiating temperature may be defined a= 
that (mathematically conceived) uniform temperature which « 
body, similar in radiating characteristics to the gaseous and solid 
material in the furnace, would have if it replaced this material. 
The furnace-exit temperature is simply the mean temperature of 
the gases leaving the furnace. 

If all of the contents of the furnace were at the same tem- 
perature, the two temperatures just defined would be equal. 
Actually, the problem is complicated by somewhat higher tem- 
peratures in the active combustion zone as well as by dead zones 
in which the temperature may be lower than the furnace-exit 
temperature. The actual temperature distribution in the furnace 
is a function of many factors and is so complicated in nature that 
it almost defies analysis if we are to be concerned with temperature 


12 “Tt’s a Boiler,’ Anon., Power, vol. 80, no. 3, March, 1936, 
p. 153. 
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differences of the order of say 25 F. About the only conclusion 
that can be derived is that the mean radiating furnace tempera- 
ture is, in general, somewhat higher than the furnace-exit tem- 
perature. In the author’s present opinion this difference ordina- 
rily ranges from zero or a few degrees for pulverized-fuel firing to 
possibly one or two hundred degrees in the case of nonluminous- 
gas firing. 

The furnace-exit temperature is fixed. By “‘fixed’’ is meant 
that the furnace-exit temperature is rigorously defined in relation 
to the amount of heat removed from the gases in the furnace. 
The mean radiating furnace temperature is a variable dependent 
upon a great number of conditions. Although we do not know 
definitely the value of the mean radiating furnace temperature 
we must assume some value for it, adjusting our radiation con- 
stants for the various types of furnaces and firing to take into 
account the divergence of the assumed mean radiating furnace 
temperature from the true value. If this be so, it seems just as 
reasonable and considerably more simple to take the fixed furnace- 
exit temperature by arbitrary definition as the mean radiating 
furnace temperature to which practical experience shows it is 
frequently close, than to take any other arbitrarily defined 
temperature between adiabatic combustion temperature and 
furnace-exit temperature. 

Professor Hottel has kindly pointed out that in the authors’ 
Fig. 21 of the study of the effect of combustion conditions on 
furnace-outlet temperature, the Stefan-Boltzmann law has been 
applied to an extremely long furnace of 200 ft in length. 

The present attack based on this law has only been checked 
against approximately cubical furnaces. Also it is undoubtedly 
incorrect to use the furnace-outlet temperature as equal to the 
mean radiating furnace temperature in the case of long narrow 
furnaces. For these two reasons the author’s extrapolation to 
200-ft long furnaces in Fig. 21 is unwarranted as far as quantita- 
tive accuracy is concerned. Figs. 17 to 26 of the paper were 
intended to show qualitative trends as tabulated in Table 5 
and while Fig. 21 is probably not numerically valid it is believed 
that the trend is correct. 

The furnace volume indicated in Figs. 20 and 26 is of course 
in thousands of cubic feet. 

The author wishes to emphasize that Figs. 17 to 26 are not to 
be used to obtain numerical values. The AK, correction factors 
were not applied in obtaining these results. Extrapolation was 
likewise made beyond the recommended limits for the author’s 
method. The method should be limited to approximately cubical 
furnaces of a size not less than the furnaces (5000 cu ft) of the 
A.S.M.E. Committee report until the method can be checked 
against small-furnace experimental data. 

The expression “apparent emissivity values” is preferred to 
the expression “false emissivity values’? which is used by Mr. 
Sherman. 

Since the “true” emissivity although rigorously defined cannot 
be always found quantitatively, the author cannot see any real 
objection to the use of the expression “apparent emissivity based 
on furnace-exit temperature.”” This expression is quite descrip- 
tive of the nature of the quantity. The desirability of inventing 
a new expression merely because the numerical value may prove 
to be somewhat greater than unity, appears to the author to be 
questionable. 

It is probably evident that the word “consumption” in the 
caption to Fig. 4 of the paper should have read “combustion.” 
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Review of Methods of Computing 
Heat Absorption in Boiler 
Furnaces’ 


W. H. Nevusecx.?. The engineer is confronted with three 
major problems when designing a furnace. These are (1) the 
providing of a furnace volume which will fit the available space 
and the furnishing of the necessary space for the proper combus- 
tion of the fuel used; (2) the maintenance of a proper furnace 
temperature for maximum efficiency and operation; and (3) the 
designing of an enclosure which will give maximum returns for 
materials used. The variables entering into the first of these 
problems are mostly out of the designer’s control inasmuch as 
they depend on the circumstances surrounding the installation 
and on the fuel and burning equipment used. There are suc- 
cessful installations with heat releases of 100,000 Btu per cu ft or 
more while on the other hand there are unsuccessful installations 
with heat releases of 10,000 Btu per cu ft. The reason for this 
fact may be determined in the future. 

Since furnace volume is decided by factors not controlled by the 
designer, but is dictated by experience with the fuel and burning 
equipment, furnace heat release per cubic foot therefore is not a 
measure of safe design. In other words, with the right kind of 
burning equipment and control, there is no upper limit to the 
heat release which may be obtained as is indicated by releases 
over 1,000,000 Btu obtained by some investigators. Thus, heat 
release per cubic foot of furnace volume, if evenly delivered, has 
no bearing on furnace design. The shape of the furnace has a 
bearing on furnace temperature, but careful checking of available 
data indicates that for shapes met in standard designs this effect 
may be ignored in temperature calculations. From this method 
of reasoning, it would seem that furnace temperature is reason- 
ably independent of furnace volume, heat release, and furnace 
shape. This has been borne out by the writer’s experiences and 
can be checked from tests referred to in the paper under discus- 
sion. 

The second and third problems previously mentioned are not 
disposed of so easily because furnace temperature plays an im- 
portant part in each. In the second problem, this is a fact be- 
cause ash fusion is a factor in the maintenance of a proper furnace 
temperature for maximum efficiency and operation. It is 
equally true in the third problem because the temperature is ob- 
viously a controlling factor in the maximum heat abuse which 
modern materials and combinations can withstand. It is be- 
cause of these factors that furnace temperature control has be- 
come the major problem of the furnace designer. 

Engineers in general agree on the need for temperature con- 
trol. However, the method of solving the problem and the labor 
involved in doing so is open to discussion and the following com- 
ments are the writer’s views on this phase of the subject. 

In solving the problem, the designer has available only in- 
formation as to the total heat release. If coal is the fuel used, 
the fusion temperature of the ash sets the maximum furnace 
temperature which can be maintained with the given heat re- 
lease. If other fuels are used, the maximum temperature be- 
comes an economic problem involving the construction costs of 
the various surfaces. While these reasons enter into the problem 
of furnace design, they are both economic in nature and will not 
be discussed further. They do, however, set the maximum tem- 
perature. The determination of this temperature to as close an 


1 Published as paper RP-57-3, by W. J. Wohlenberg and H. F. 
Mullikin, in the November, 1935, issue of the A.S.M.E. Transactions. 

2 Designing Engineer, Wm. Bros. Boiler and Manufacturing Com- 
pany, Minneapolis, Minn. 
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approximation as possible with the least labor becomes the de- 
signer’s chief concern. 

Broido’s and Orrok’s curves shown in Figs. 1 and 2, respec- 
tively, of the paper, and the values of » given in Table 5 of the 
paper as obtained by using Broido’s and Orrok’s methods, which 
check favorably the author’s test results, indicate that only heat 
liberation per square foot of effective cold surface is important. 
This would indicate in turn that furnace volume and the fraction 
of cold surface need not enter into the calculations at this stage 
of the problem. The correction required for convection to the 
cold surface is generally conceded to be less than the errors in- 
volved in other factors which must be assumed and therefore can 
also be omitted. Also, it is generally conceded that practically 
all heat to the cold surface is delivered by radiation. Since it is 
intended to deliver all heat by radiation, the writer uses the 
Stefan-Boltzmann law with the latest coefficient. In this connec- 
tion the writer has found that an average value of 0.5 can be 
used for perfect combustion when using the furnace-exit tempera- 
ture as the average furnace temperature. This relationship can 
be expressed graphically for convenience and in the following com- 
ments by the writer it will be referred to as curve R. 

Since all heat is to be delivered by radiation, it now becomes 
necessary to convert the total heat released to a temperature 
function. This temperature is determined by well-known com- 
bustion calculations for fuel used and can be expressed graphi- 
cally by curves for all types of combustion dictated by de- 
signer’s requirements. This temperature 7’, is the temperature 
of the products of combustion produced by the low heat value of 
fuel plus all other heat introduced in the combination. Then 
(T1,— T:)c, = H2, where c, = mean specific heat of all products 
of combustion, 7; = the final temperature of the products of 
combustion, and H; = heat that must be removed by radiation. 
From curve R and the temperature 7, desired, the heat absorbed 
per square foot of effective cold surface Hs can be found. Then 
H:/H; = S, the number of square feet required. This sets the 
condition for the design point. For temperatures at other rat- 
ings of this design, plot a curve showing the relationship of the 
heat available for radiation at the different temperatures T/S. 
With this curve and curve R, the temperature 7; for any rating 
or heat release may be obtained readily by trial and error. 

It will be found that once the design is set, the curves given by 
Wohlenberg and Mullikin can be used to advantage provided 
some modifications as indicated in the following discussion are 
borne in mind. 

From the writer’s previous comments, it would appear that the 
shape or design of furnace has only a slight effect on heat absorbed 
or on the final temperature 7.; this appears to be substantiated 
by available tests. It also seems that the amount of effective 
black surface S and not its location in the furnace controls the 
temperature 72; this is also borne out in practice when mean tem- 
perature only and not stratification is considered. Thus, it 
would seem that an attempt to properly designate what is meant 
by effective black or cold surface is the most important need in 
furnace design. 

In the authors’ Equation [3] S = Ams = A F4F(FsFz. How 
the values are obtained is explained in another paper.* The 
difficulty with this equation is that the amounts of the respective 
surfaces are unknown to the designer when he starts on his prob- 
lem, and it becomes quite a problem in trial and error before he 

can obtain an original design. After his design is once estab- 
lished, how will these factors affect the overall absorption? 

To answer this, assume the following conditions: Absorption 


3 “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,” by H. F. Mullikin, Trans. A.S.M.E., vol. 57, 1935, paper 
RP-57-2, pp. 517-529. 


rates H, of 60,000 Btu and 30,000 Btu, respectively; a conduction 
of 10 Btu per deg for refractories and slag. From curve R, 7; = 
2900 F abs and 2400 F abs, respectively. From the authors’ 
Equation [3] it is found that A, F4, and Fz are not affected mate- 
rially, but if F¢ and Fs form a large part of the surface, the follow- 
ing correction is apparent. The difference between the tube 
temperature and the furnace face temperature of refractory of a 
thickness capable of delivering 30,000 Btu per sq ft to tube would 
have to be twice as much for the rate of 60,000 Btu per sq ft, 
while the actual furnace temperature 7; only increases 2900/ 
2400 = 1.21 times as fast, assuming 0 F for tube temperature. 
In other words, F'¢ and F's are only (1.21/2) or 61 per cent as ef- 
fective for a heat-absorption rate of 60,000 Btu per sq ft as at the 
rate of 30,000 Btu per sq ft. 

The writer believes this important enough to require the fac- 
tors F, and Fg to be changed with the different rates of absorption 
encountered, especially since conduction will control the heat de- 
livered whether the refractory or slag is attached or free from the 
tube. 

The writer commends Wohlenberg, Mullikin, and others for 
sharing so generously their efforts and results for obtaining a 
solution of the problem under discussion when information avail- 
able was much more meager than at present. 


W. T. Borromtey.‘ Until Professor Wohlenberg and _ his 
collaborators started a series of papers in 1925 treating the sub- 
ject of radiation in boiler furnaces from the theoretical stand- 
point, this subject was very little understood. Since that date 
the need has been felt for experimental evidence to check the 
theoretical investigations already carried out. This paper, in 
conjunction with the A.S.M.E. Radiation Committee Report,® 
is the first serious attempt to supply the missing data. 

However, it is disappointing to find that the experimental 
evidence thus obtained with so much care does not really fit very 
well with theoretical investigations, as the writer proposes to 
show. The question arises whether the theoretical conclusions 
require amending in order to fit the experimental evidence, or 
whether the production of reliable experimental evidence of the 
furnace efficiency will turn out to be a much more difficult and 
expensive procedure than has hitherto been supposed. 

The writer is of the opinion that as a whole the theoretical in- 
vestigations are nearer the truth than the experimental evidence 
in the paper. 

There is an upper limit which the writer is inclined to define in 
connection with furnace radiation performance, namely, no 
matter what differences of temperature may exist inside the fur- 
nace it is impossible for the average intensity of radiations ab- 
sorbed by the waterwalls to exceed the intensity of black-body 
emission at the temperature corresponding to the average tem- 
perature of the gases leaving the furnace chamber. The absorp- 
tion must always be less and the object of furnace radiation in- 
vestigations is to find out how much less. 

Test results on coal-fired boilers given in Table 5 of the paper 
show that this limit is exceeded by screen evaporation measure- 
ments in tests Nos. 2-2 to 2-9, 2-15 to 2-18, and 3-8, and by gas- 
temperature measurement in tests Nos. 10-12, 10-19, and 10-20. 
Tests Nos. 10-13, 10-14, 10-15, and 10-18 indicate that the limit 
is approached too closely. The writer has not checked the test 
results obtained on the gas-fired and oil-fired boilers. 

In addition to this it is disconcerting to find, for example, in 
tests Nos. 2-10 to 2-18, where the load and quantity of gas are 

4 Techuical Engineer, Merz and McLellan, Consulting Electrical 
Engineers, Newcastle-on-Tyne and London, England. 

*“An Experimental Investigation of Heat Absorption in Boiler 
Furnaces,’”’ by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 


and C. W. Gordon, Trans. A.S.M.E., vol. 57, 1935, paper RP-57-4, 
pp. 541-554. 
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practically constant, that the furnace efficiency rises steadily 
from 30 per cent to 45 per cent. There is nothing disclosed in 
Table 5 to account for this rise in efficiency. The same effect is 
seen at a higher load on the same boiler tests Nos. 2-19 to 2-27 
where the efficiency rises from 28 per cent to 39 per cent for no 
apparent reason. 

Unless these variations can be accounted for satisfactorily 
the writer does not see how reliance can be placed on the deter- 
mination of the furnace efficiency by measuring the evaporation 
from part of the waterwalls unless special corrections are applied. 
It is certainly not strictly accurate to assume that the total heat 
absorptions by the whole of the waterwalls relative to the heat 
absorbed by the screen boiler is in proportion to their surfaces. 
Unless the furnace is spherical and symmetrically arranged, the 
intensity of radiation on different parts of the waterwall is bound 
to be unequal. 

The determination of furnace efficiency by measurements of 
the furnace exit gas temperature appears to be just as unreliable. 
Out of the nine tests on boiler No. 10 the writer has shown that 
three are impossible and four improbable, leaving two, i.e., Nos. 
10-16 and 10-17, which give at all reasonable results. 

The writer does not know how the average gas tempera- 
tures were obtained by the authors but imagines it would be 
difficult. Some gas samples taken recently at different points 
across the exit from the furnace of a pulverized-fuel boiler at the 
Dunston B power station in Newcastle-on-Tyne, Eng., showed 
that the variation of CO, was as much as 2 per cent of the total 
gas. It is natural to suppose that the temperature of the gases 
would vary accordingly. ‘ 

The test results so far dealt with are those showing the most 
glaring discrepancies, but when the writer examines further the 
other tests which do not violate the law previously referred to he 
still finds the results too inconsistent to check or amend the 
theoretical data already obtained. 

It is only possible to deal with some of the tests because the 
writer does not have available at this time of writing a copy of the 
Radiation Committee Report,’ and the furnace efficiencies ob- 
tained from the gas-temperature measurements are not given in 
Table 5 of the paper. The tests dealt with in this discussion are 
those where the u, gas temperatures can be identified by comparing 
the points given in the authors’ Figs. 13 to 21, inclusive. The 
writer has managed to identify most of the coal-fired boiler tests 
and will therefore confine himself to dealing with those tests. 
The method of analysis is briefly as follows and was described in 
a paper by the writer.* 

There is a well-known formula based on Kirchhoff’s law for the 
net coefficient of absorption or emission at the boundary surface 
between two media having two different coefficients of absorption 
or emission. This formula is 


where E, and E,, are the coefficient of absorption or emission 
of the two media, and E£ is the resultant coefficient. If both sides 
of the equation are divided by the area of the boundary surface, 
denoted by W, we get 


or 


¢ “Radiation in Boiler Furnaces,’’ by W. T. Bottomley, N. E. 
Coast Institution of Engineers and Shipbuilders, vol. 49, 1933, p. 115. 
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where the definition of the areas S,, F, and S are obvious by in- 
spection, and represent the net effective black-body absorption or 
emission surfaces of the two media and resultant combinations, 
respectively. 

The writer has shown® that the same formula is valid at the 
boundary walls of a perfectly symmetrical boiler furnace at a 
uniform temperature if the coefficients are applied to the black- 
body emission at the temperature at which the gases leave the 
furnace chamber, and has suggested that the formula could be ap- 
plied in practice, to unsymmetrical furnaces where the tempera- 
ture is not uniform, by a suitable choice of the terms S,, F, and W. 
This method could also be made to include the effect of convec- 
tion on the refractories. 

In a boiler furnace, W represents the total surface area of the 
furnace boundary walls, S, is the effective area of the waterwall, 
F is the effective black-body emission surface of the radiating 
source, i.e., the particles of fuel, the flames and the gases com- 
prising the whole of the gaseous content of the furnace chamber, 
and S is the resulting effective black-body emission surface of the 
furnace combination as a whole. It will be remembered that all 
these emission surfaces refer only to emission at the temperature 
corresponding to the gas exit temperature. 

It is clear that since none of the absorption or emission coeffi- 
cients in the writer’s Equation [a] can exceed unity, then none 
of the areas S, F, or S, can be greater than W which is the total 
surface area of the boundary walls of the furnace. It also follows 
that the net effective emission surface of the furnace S cannot be 
greater than the net effective water-cooled wall surface S, which 
is the limit already stated by the writer. 

The term S, is always less than W, the ratio S,/W being what 
the authors call the fraction cold. The term S in the writer’s 
Equation [b] can be determined from the furnace efficiency and 
vice versa if the total heat release in the furnace per pound of 
flue gases were known. 

The particulars given by the authors concerning the results in 
the A.S.M.E. Radiation Committee Report® enable the writer 
to determine the value of S and therefore by applying the writer’s 
Equation [b] the value of F for each individual test can be de- 
termined. 

In Fig. 1 of this discussion are shown the values of F thus ob- 
tained from the screen-evaporation data for boilers Nos. 1, 2, and 
3 after eliminating the tests the results of which the writer regards 
as impossible. The curves for the total wall surface W are also 
shown. The curves marked long and short flames are taken from 
Fig. 21 of the writer’s paper,® the long flame being based on data 
given by Orrok’ of tests on a boiler at Sherman Creek where the 
evaporations from the whole of the waterwalis were measured. 
The writer would call attention to the three points for No. 1 stoker- 
fired boiler which fit very well with the short-flame curve. This 
is the only boiler where the whole of the waterwall evaporation 
was measured, and the writer regards this as the most reliable 
method of determining furnace efficiency. It is to be regretted 
that more tests were not taken on this boiler. The writer does 
not see how any conclusions can be drawn from the tests on the 
other two boilers without further particulars. 

In Fig. 2 of this discussion are shown in the same way the re- 
sults of the gas-temperature measurements on boilers Nos. 6, 9, 
and 10. In this figure are shown what the writer regards as the 
impossible and improbable values of F for boiler No. 10. 

The impossible points are the three values of F greater than W 
and the improbable points are the four points slightly less than W. 

The writer agrees with the authors in the opinion that the gas- 
temperature measurements are more consistent than the screen- 
boiler measurements to the degree that the ratio of F to W ap- 


7 Discussion by G. A. Orrok of ‘Radiation in Boiler Furnaces,” by 
B. N. Broido, Trans. A.S.M.E., vol. 47, 1925, pp. 1148-1156. 
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pears to be constant in the same furnace at different loads, but 
there is no particular relation between the constants for different 
boilers. The writer believes that the values of F in Fig. 2 of this 
discussion are all much too high, indicating that the gas-tempera- 
ture measurements are too low to represent the average gas exit 
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temperature. A comparison of the values for boiler No. 9 in 
Fig. 2 of this discussion and boiler No. 1 in Fig. 1 of this discus- 
sion both stoker fired, will show the extent of the error due to gas- 
temperature measurements. It appears that if the gas-tempera- 
ture measurements are assumed to be about 300 F too low it will 
be found that values for F for the three boilers in Fig. 2 of this 
discussion will be brought near the curves for long and short 
flames. 

The writer does not see any reason why the effective radiating 
surface of the flames for a given heat release should depend on the 
size of the furnace or should bear any relation to the total surface 
of the furnace-wall, and he believes that it should be independent 


of the size of the furnace, provided the furnace is large enough to 
enable the combustion to be complete. This is the principal ar- 
gument against the probability of constant ratio of F to W shown 
in Fig. 2 of this discussion and is the criticism the writer has to 
make against the Wohlenberg method of determining furnace 
efficiencies. 

The writer would like to know whether any readings were 
taken with an optical pyrometer during the tests reported by the 
authors and how they compare with the gas-temperature read- 
ings. 

The writer believes the authors will agree that their test re- 
sults have not been entirely satisfactory even though the authors 
may not agree with the writer’s method of analysis. 


F. J. Hotzpaur.® The authors have made an interesting e¢on- 
tribution to the literature on heat absorption in boiler furnaces. 
The results of Mr. Mullikin’s investigation conducted at Sugar 
Creek, Mo., check closely with similar tests by the boiler manu- 
facturer and with plant operating records. 

From the standpoint of a refinery engineer, it is very important 
to be able to predict the radiant-heat pickup in any given furnace 
as a separate component °* the total heat. In a boiler this is im- 
portant only in its effee on the superheated condition of the 
steam, whereas in petrole 1 processing this may affect the char- 
acteristics of the product: d involve operating difficulties on the 
fluid side of the heating su ‘ace due to excessive cracking or coke 
formation. 

The many variables which may affect this problem seem to 
make the simplest method the most desirable in any application. 
Therefore, the Broido method seems to fulfill satisfactorily gen- 
eral design requirements. 


AvutTHoRs’ CLOSURE 


Based on the method used for the evaluation of effective furnace 
radiant heating surface in this paper, Mr. Neubeck’s Stefan- 
Boltzmann coefficient (emissivity) of 0.5 appears low judged by 
the present data. Perhaps this may be due to a different manner 
of evaluating effective radiant heating surface. It would seem 
that for accurate computations some adjustment of the coefficient 
would be required to take into account the fuel and the type of 
firing. 

The variation of F¢ and Fs with furnace conditions is treated 
in the author’s closure to the discussion of another paper.’ The 
authors cannot concede the magnitude of Mr. Neubeck’s cor- 
rection to F, and Fx, to take into account the variation with 
furnace temperature. The surface temperature of exposed re- 
fractory or slag surfaces in the furnace is a rather complicated 
function of such items as furnace radiation, location in the fur- 
nace, various emissivities, and conduction. Considering the fact 
that this surface receives radiation from the furnace gases, the 
amount of the radiation being a function of the fourth power of 
the gas temperature approximately, it does not appear necessary 
that any change in refractory or slag surface temperature be 
directly proportional to the change in furnace temperature. 

Mr. Neubeck’s discussion of various phases of the problem is 
quite helpful. 

The authors agree with Mr. Holtzbaur that Broido’s curve is 
surprisingly accurate considering its extreme simplicity. 

The authors are grateful to Mr. Bottomley for his interesting 
comments. The experimental data were not compared to results 


8 Chief Engineer and Mechanical Superintendent, Standard Oi! 
Company of Indiana, Sugar Creek, Mo. Mem. A.S.M.E. 

9 Discussion of “Evaluation of Effective Radiating Heating Sur- 
face and Application of the Stefan-Boltzmann Law to Heat Absorp- 
tion in Boiler Furnaces,” by H. F. Mullikin, Trans. A.S.M.E., vol. 
58, May, 1936, pp. 333- 335. 
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obtained through use of the Bottomley method by the present 
authors due to lack of time, the comparisons of the Orrok and 
Broido methods having been made because of their rather general 
use in the United States. 

The authors will attempt to clear up several points raised by 
Mr. Bottomley. It seems possible that the mean radiating 
furnace temperature may in some cases be higher than the furnace- 
exit temperature. The mean furnace radiating temperature has 
been discussed in the reply to Mr. Sherman in the discussion of 
another paper.® As has been pointed out, although the upper 
limit of furnace radiation based on mean furnace radiating tem- 
perature may be defined as 
that of black-body radiation 
(emissivity equal to unity) at 
that temperature, if the radia- 
tion is arbitrarily based on 
the perhaps lower furnace-exit 
temperature, it is possible to 
have greater than black-body 
radiation (emissivity greater 
than unity) at this arbitrarily 
selected temperature. 

Reference to column 4 of 
Tabie 3 of the A.S.M.E. Ra- 
diation Committee Report? will 
show that the increase in fur- 
nace efficiency 4 on 
sereen-boiler evaporation for 
tests 2-10 to 2-18 was due to 
increase in flame length from 
short to normal to long. The 
gas temperature yu-values do 
not show such a variation. 
This has been discussed on 
page 538 of the paper.' If 
the furnace radiant heat-ab- 
sorbing surface, whose heat 
was metered to determine the 
sereen-boiler evaporation 
values, had been distributed in the furnace more uniformly (in- 
stead of mostly at the bottom of the furnace where flame length 
would affect it most), the u-values obtained would not have 
shown as much variation. Incidentally it may be stated that the 
short-flame and long-flame conditions were abnormal and do not 
represent a desirable condition for ordinary operation. 

Mr. Bottomley’s paper® represents a very interesting attack 
on the furnace-radiation problem. Since this work is not well 
known in the United States it might be well to add one or two 
additional points descriptive of the Bottomley method, as we 
understand it, from Mr. Bottomley’s paper.® 

All radiation in the furnace is due to flame radiation. ‘The 
flames are here defined as being the portion of the furnace- 
chamber volume in which heat is liberated from the fuel’ “.... 
the radiation from CO, and water vapor between the flame 
envelope and the furnace boundary surfaces is not sufficient 
to have any appreciable effect on the total radiation received by 
the water-cooled surfaces, and can be neglected or may be in- 
cluded in the flame radiation.” “.....we represent the flames, 
as defined, by a sphere having the same volume and having a 
uniform density of radiating material throughout the whole of 
its volume equal to the average density of radiating material in 
the actual flames.” 

“The same average flow of radiation to the walls can be ob- 
tained if the semitransparent sphere is replaced by a concentric 
black-body sphere of smaller size having the same surface tem- 
perature, but the surface area being equal to the product of the 
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mean coefficient of emission at the furnace walls and the area of 
the furnace walls.’ Mr. Bottomley’s conclusions are based en- 
tirely on the Sherman Creek data quoted by Orrok.’? Referring 
to Figs. 8 and 9 in the Bottomley paper, “The main point of 
interest in the curve is that for furnaces liberating over 40 million 
heat units per hour our initial assumption, that the black-body 
volume of the flame is proportional to heat units liberated per 
hour, is justified on theoretical as well as experimental grounds 
as being approximately correct... .”’ 

The present authors feel that perhaps a closer examination of 
the Sherman Creek tests quoted by Orrok’ who took his informa- 
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tion from Murray'’ may be belpful. Mr. Artsay who was assis- 
tant to Mr. Orrok at the time, has given additional information" 
regarding the tests. Mr. Sherman in the course of a Bureau of 
Mines investigation run at the same time has also given further 
information. 

Fig. 3 of this discussion shows the general arrangement of the 
boilers tested at the Sherman Creek plant which were similar 
except for burner arrangement. The boiler in which the side- 
wall surface heat absorption was determined was boiler No. 10 
and was equipped with fin-tube waterwalls on separate circulation, 
a radiant-heat superheater for which the heat absorption could 
be determined, and well-type water-cooled burner boxes on sepa- 
rate circulation. These wells consisted of round or square boxes, 
open on the furnace side, into which the powdered coal, together 
with all the air necessary for its combustion was fed through four 
round pipes set in the sides, to produce a vortex effect. Three 
burner boxes were fitted to this furnace, one square box on the 
front hearth below the boiler-room floor line, and two smaller 
boxes, one round and one square, on the front wall above the 


'0**Recent Developments in Boiler Design,’ by Thomas E. 
Murray, presented at a meeting of the Association of Edison Illumi- 
nating Companies held at Hot Springs, Ark., October 19, 1925, 
printed but not published by the Association. 

1 “Radiation in Boiler Furnaces,”’ by N. Artsay, presented at the 
Chicago Meeting of the A.S.M.E., February, 1931, not published. 

12 ‘Temperatures in Powdered-Coal Furnaces Having Extended 
Radiant-Heat-Absorbing Surfaces,’’ by R. A. Sherman, Mechanical 
Engineering, vol. 49, 1927, pp. 335-338. 
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TABLE 1 FURNACE HEATING SURFACES OF BOILER NO. 10, 
SHERMAN CREEK STATION 


Orrok Artsay Sherman 

Side-wall fin tubes 

Total heating surface.................. 432 

Projected area exposed to radiation...... a ets 198 

Redinnt a 200 235 
Boiler tubes at furnace exit............... b 372 oe 


a Coefficient of 0.5 used for evaluation of this surface. 
b Surface taken based on 1.38 times the surface of lower row of tubes. 
Nore: Heating surfaces are given in square feet. 


floor line. They were built of boiler plate with a second outer 
box forming a shell through which water flowed cooling the 
inner plate. 

The furnace volume was 3060 cu ft with 230 cu ft additional in 
the burner boxes. The boiler heating surface was 6280 sq ft. 
The areas of the exposed furnace heating surfaces are in some 
doubt as the various papers give different values. These values 
are tabulated as a matter of interest in Table 1 of this discussion. 
These surfaces were determined in different manners, that of 
Artsay being rather complex, for which reference should be 
made to the original paper.'! Artsay gives tabulated data to 
show that the tests were run from January 15, 1925, to April 
23, 1925, and only in one case were two tests run during the 
same day. He definitely states, as inspection of Fig. 3 of this 
discussion will verify, that only the side-wall tubes, superheater 
and burner boxes were on separate circulation, something like 
30 per cent of the furnace surface represented by the tubes at the 
furnace outlet not being segregated. 

Artsay determined the total radiation absorption by assuming 
the same rate of heat absorption in the lower tubes of the boiler 
as in the surface on separate circulation. 

Apparently Orrok in determining the heat-transfer absorption 
rates for exposed furnace surface found it necessary to include 
the heat absorption of the surface in the burner boxes (burner-box 
heat absorption may be influenced by peculiar local conditions) 
as well as to assume an effectiveness factor or coefficient of 0.4 to 
0.6 for superheater surface. 

It should be further noted that over a period of time it might 
be possible for furnace conditions, in regard to fuels and slagging, 
to change. 

In view of Mr. Bottomley’s statement in the present discussion 
as to the unreliability of assuming the same heat-absorption rates 
for the total furnace surface as for parts of the surface on metered 
heat transfer it would appear somewhat unsafe to draw general- 
izations from the Sherman Creek data. 

Examination of the data given in the present authors’ paper 
would seem to indicate that pulverized-coal and stoker-fired units 
are not directly comparable. 

Considerable optical-pyrometer and radiation-pyrometer data 
were taken on the furnaces tested but space considerations do 
not permit their presentation here. The general statement may 
be made that neither the optical nor radiation pyrometers indi- 
cated higher temperatures than those obtained by use of the 
high-velocity thermocouple. 

The authors would like to point out a quite evident improve- 
ment in the Orrok formula that would seem to make it applicable 
to all fuels including oil and gas. Wilson, Lobo, and Hottel'* have 
suggested that fuels of various net heat values be corrrected to 
a 14,000 Btu per lb of fuel equivalent-coal basis before use in 
the Orrok formula. Thus an oil with a heating value of 18,000 
Btu per lb would be equivalent to (18,000/14,000) = 1.285 lb 
of coal. 


13*Heat Transmission in Radiant Sections of Tube Stills,’’ by 
D. W. Wilson, W. E. Lobo, and H. C. Hottel, Industrial and Engi- 
neering Chemistry, vol. 24, 1932, pp. 486-493. 


The Flow Characteristics of Variable- 
Speed Reaction Steam Turbines’ 


JosePpH GERSHBERG.? The formula derived by the author 
for the determination of weight of the flow of steam in a variable- 
speed reaction turbine is intended primarily for designers as an 
aid in estimating steam rates for loads and speeds much different 
from those for which the machine is designed. To the one who 
has the misfortune of contending with steam-rate guarantees very 
close to the expected values, or perhaps with no margin at all, 
the accuracy of Equation [17] becomes extremely important. If 
he is cautious will he be satisfied with the equation of the factor ¥ 
in which simplification of the exponent of the pressure ratio may 
introduce an error of 3 per cent in the value of W, and thus of the 
steam weight, if the blading group is within the range of P.2/P, 
values between 0.3 and 0.7? At very low speeds, close to a stand- 
still condition, the fill factor would seem to have a particular in- 
fluence on the accuracy of results. From the same standpoint it 
would seem advisable that the formula [17a] be applied to a 
blading group operating entirely either in the superheated region, 
which would be preferable, or in the saturated region in order 
that the exponent of the polytropic in the author’s Equation 
{14] may remain constant. Furthermore, accuracy will be as- 
sured if the blading group selected is removed far from the tur- 
bine exhaust, thereby rendering the effect of the blading group 
on pressure ratio at light loads negligible. 

The proposed formula for the weight of steam flow offers to the 
users of reaction turbines a convenient means for checking and 
analyzing their performance. Variable-speed reaction turbines 
are used for driving induced-draft and forced-draft fans in some 
power stations. To make such a check it is sufficient to measure 
pressure and temperature at the inlet of, and only pressure at the 
outlet of, a group of symmetrical blades operating in a super- 
heated region, when the load, speed, and steam conditions at the 
throttle and the turbine exhaust are known. Results thus ob- 
tained can be compared then with those established by the ac- 
ceptance test. 

A similar procedure in the case of constant-speed turbines 
renders the application of Equation [17] a great deal simpler. 
This equation may prove singularly useful for ready determina- 
tion of steam flows at the throttle of bleeder-type or extraction- 
type turbines. Possibly the flows can be computed with the 
aid of test data for the machine operating straight condensing or 
noncondensing, as the case may be, and with specific measure- 
ments obtained in a manner described previously at the inlet 
and outlet of a conveniently and properly chosen blading group, 
of which the blades need not be symmetrical. 


AvurTHor’s CLOSURE 


The author wishes to emphasize the fact, that it has not been 
his intention to give in Equations [17] and [17a] formulas with 
such high degree of accuracy that they could be used to check 
the steam consumption of a reaction turbine. He even believes 
that it is practically impossible, in a wide range of operating 
conditions, to calculate accurately the amount of flow passing 
through the blading, even when applying the most elaborate 
methods. This uncertainty is due to the instability of the flow 
in the blading operating for instance with low velocity ratios. 
For the same “nominal” blading dimensions a relatively slight 
change of the blade profile, the leakage clearance, etc. may bring 


1 Published as paper FSP-58-1, by Adolf Egli, in the January, 1936, 
issue of the A.S.M.E. Transactions. 

2 Chief Testing Engineer, The New York Edison Company, Inc., 
Hell Gate Station, New York, N. Y. Mem. A.S.M.E. 
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about a variation of the “fill factor” in the order of three per 
cent. 

For this reason the simplification of the exponent of the pres- 
sure ratio in Equation [16] is practically justified. For the same 
reason, also, it would hardly be worth while to distinguish between 
superheated and moist steam. 

The formulas [17] and [17a] are sufficiently accurate for the 
purpose of calculating the stage pressures and thus determining 
the distribution of the work done in the various elements of a 
combination turbine. 


A Study of the Turning of Steel 
Employing a New-Type Three- 
Component Dynamometer' 


G. A. Bovuviger.? In lieu of acceptable evidence the opinion of 
the recognized expert must, of course, be given adequate weight. 
Messrs. Boston and Kraus certainly are recognized experts and 
they give in their paper evidence and facts enough to support most 
of their conclusions. It seems to the writer that the authors in 
making the statement ‘Because of the dynamometer’s weight 
and rigidity, tool chatter is practically eliminated ” are merely 
expressing their opinion and that the evidence they give support- 
ing their conclusion is not acceptable in the light of other evi- 
dence. They point out that the chatter which resulted from 
using the tool in a solid tool post was eliminated when the same 
tool was used in the dynamometer. Now it happens that there 
exists other evidence indicating that the tool post referred to 
might have been too rigid rather than not rigid enough. The 
writer refers to the familiar gooseneck threading tool which has 
been used commonly for many years to reduce or eliminate chat- 
ter. While effective certainly no one would say the gooseneck 
tool is more rigid than a tool post. Hence, it is to be concluded 
that the reason the tool did not chatter in the dynamometer was 
because the latter was not rigid enough to support chatter of the 
frequency encountered. 

However the facts are ascertainable, and no doubt Professor 
Boston will soon make a determination of that. The use of a 
dynamometer which records high-frequency vibrations has shown 
that chatter is not simply a matter of a force exerted against the 
tool. It is a matter of force disturbance often a regular-fre- 
quency type. The writer prefers to consider this frequency as 
being due to a combination of favorable mechanical elements in 
the machine. The resulting tool chatter often may be elimi- 
nated by decreasing the deflection of any one or combination of 
the elements in the train between the tool support and the nose 
of the work spindle. It is important to know that tool chatter 
often may be reduced or eliminated by increasing deflections 
(decreasing the rigidity). It is done every day in screw-machine 
practice. 

The information given in the paper is valuable and can be used 
very profitably, as the authors point out, in machine-design and 
tool-design problems. It is facts such as these that we need. 
But by no means is it theoretical information as is sometimes 
charged by a few who are unacquainted with the facts. It is the 
so-called practical men who are in reality theoretical when they 
speculate concerning their informal observations. 


H. Russell Youna.* This paper, without a doubt, contains 
the most extensive set of experiments, recording the tangential, 


1 Published as paper RP-58-1, by O. W. Boston and C. E. Kraus, 
in the January, 1936, issue of the A.S.M.E. Transactions. 

2? Engineer, Western Electric Company, Chicago, III. 

3 Mechanical and Industrial Engineer, William Sellers and Com- 
pany, Philadelphia, Pa. 
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radial, and longitudinal pressures, due to controlled variations in 
tool shape, depth of cut, amount of feed, and material character- 
istics, since the classical and comprehensive experiments of Fred 
W. Taylor. 

A judicial comparison between these two treatises cannot be 
readily made since the experiments by Boston and Kraus consist 
of light or semifinishing cuts, the maximum feed being approxi- 
mately '/z in. Taylor’s experiments were made with heavy 
roughing cuts, and therefore the breakdown analyses of his re- 
sults can actually result in real money savings in normal shop 
practice. It is interesting to note that Taylor considered it im- 
practical to attempt to establish definite laws for any feed under 
1/1. in. since a finer feed will seriously affect the results because a 
trifling imperfection or flaw near the cutting edge of the tool will 
be very noticeable on a fine feed. Also small hard spots in the 
metal under test will have a much greater effect upon tools with 
a fine feed. 

In the paper under discussion there are several examples of 
controlled variations in tool shape and their accompanying re- 
sults. From Table 1 it is observed most effectively how the cut- 
ting-force equation varies as the tool shape is changed. How- 
ever, the major problem from the practical viewpoint involves 
which tool is the best to employ for the general run of work, since 
many tools of varied shapes cannot be available at all times. 

It should not be assumed that the best tool to use is the one 
requiring the least force, because much more important factors 
control this selection. For example it is noted from Fig. 5 of the 
paper that the greater the side-rake angle the smaller the cutting 
pressures, but Taylor has shown that a smaller side-rake angle 
will within limits allow a higher cutting speed, except for very 
soft steels. It is also known that the harder the material being 
cut, the smaller the side-rake angle should be, in order to prevent 
the cutting edge crumbling or spalling off. As for example in 
cutting chilled iron, a side rake of approximately 5 deg is the 
best. Therefore, on the whole, the question of pressures on the 
tool has far less weight than either the crumbling at the cutting 
edge, the cutting speed, or the proper angles for obtaining the 
longest tool life and the largest number of grindings for a given 
tool. 

A similar analogy is present in choosing the proper back-slope 
angle for the tool; the chart under Fig. 5 of the paper indicates 
the forces decrease as the back slope increases. Here again 
experience indicates a back slope of over 10 deg causes a 
danger of the tool attempting to plunge forward, thus influencing 
the quality of the metal finish. 

In Fig. 5 which gives the forces resulting in a controlled 
variation in nose radius, it is observed that a larger radius in- 
creases the radial and tangential pressures, and yet a large radius 
is required in order to obtain a more uniform surface finish when 
using a coarse feed. 

It can be seen readily that the larger the side slope, the greater 
becomes the area of the surface which must be ground, hence 
more expense is necessary and also the smaller the number of 
times the tool can be ground before a complete redressing. 

From the chart under Fig. 5 of the paper, indicating force 
changes as the side cutting-edge angle varies. It is observed 
that as the side cutting-edge angle increases the force in- 
creases. Yet from experience it is known that as the side cutting 
edge increases the thickness of the shaving decreases, thereby 
allowing a considerable increase in cutting speed. Taylor’s re- 
sults indicate that by decreasing the thickness of the shaving to 
one third, the cutting speed is increased approximately 100 per 
cent. 

The experiments reported in the paper throw considerable 
light upon the subject of metal cutting and its many variable 
components. It would be extremely worth while indeed if investi- 
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gations should be made in regard to how the many variable com- 
ponents affect the cutting speeds and tool life with particular 
reference to the results obtained due to variations in the side cut- 
ting-edge angle since here one of the greatest gains can be made. 


M. E. Lanae.‘ The authors deserve considerable commenda- 
tion for having designed such an obviously simple and practical 
dynamometer for measuring chip-removal forces. Many de- 
signs have been built and used for similar purposes before but 
they were generally of a delicate nature and exceedingly unstable 
as to calibration. The removal of chips involves so many un- 
certain factors and the testing has to be carried out under condi- 
tions of vibration, the presence of flying or curling chips and 
scale as well as the possibility of the use of an abundance of 
coolant, that experimental apparatus of a delicate nature cannot 
be relied upon to remain accurate for any length of time. The 
authors’ device is so obviously good for the purpose and simple 
in its conception that its calibration should be permanent and 
easily checked. It is hoped that full design details will eventually 
be published so that other investigators may have the benefit of 
this new measuring tool of chip forces. 

Items 13 and 14 in the authors’ conclusions show that a corre- 
spondingly slight increase in power is required for removal of 
metal under conditions of increasing speed. When carbide tools 
are substituted for high-speed steel tools the lower coefficient of 
friction of the former should bring about a decrease in power con- 
sumed. It would be interesting if the authors would verify this 
with their new equipment. 

A further question which deserves an answer is how the power 
consumption is varied by the use of coolants under otherwise 
identical conditions. 


AutuHors’ CLOSURE 


The authors wish to thank the several discussors who have 
brought out many important points that must be considered. 
H. R. Young has called attention to the fact that cutting forces 


4 Chief Sales Engineer, The Warner and Swasey Company, Cleve- 
land, Ohio. Mem. A.S.M.E. 


are not proportional to tool life. This assertion has been found 
correct by the authors in previous investigations’ in which the 
tool life was measured as a function to tool angles. In the tests 
mentioned, it was found that a side-rake angle of approximately 
22 deg produced the longest tool life when cutting an S.A.E. 
2345 steel. Side-rake angles above 22 deg resulted in a decrease 
in the tangential force, but also resulted in a decrease in tool life. 

In the discussion of M. E. Lange, it was mentioned that the 
use of tungsten-carbide tools having a lower coefficient of fric- 
tion might result in a decrease in power consumption. The 
authors have not investigated the forces on carbide tools, but 
it should be kept, in mind that, although the force for the tool 
may be decreased due to the lower coefficient of friction, the 
power consumption will be greater due to the increased operating 
speeds and smaller rake angles for the tungsten-carbide tools. 

As questioned by Mr. Lange, the power consumption is varied 
by the use of coolants. Several investigations have been made 
by the authors on lathes,* milling machines,’ and drill presses* 
to find the effect of cutting fluids on the power consumed. These 
tests included several different types of materials and cutting 
fluids. 

In Mr. Bouvier’s discussion, it is brought out that chatter may 
be eliminated by decreasing, instead of increasing, the rigidity. 
Certainly this question of vibration must be considered independ- 
ently for each individual, as the frequency of vibration for each 
machine tool and for each cutting operation may or may not cause 
chatter. 


5 “The Life of Turning Tools as Influenced by Shape,”’ by O. W. 
Boston and W. W. Gilbert, Trans. A.S.M., vol. 22, no. 6, June, 
1934, p. 547. The Iron Age, vol. 132, nos. 13 and 14, Sept. 28 and 
Oct. 3, 1933, pp. 32 and 24, respectively. 

© ‘4 Simple Tool for Measuring Pressures in the Direction of Cut,” 
by O. W. Boston and C. E. Kraus, Trans. A.S8.8.T. (A.8.M.), 
vol. 21, no. 7, July, 1933, p. 623. Also Metal Progress, vol. 22 no. 
3, Sept., 1932, p. 29. 

7“Elements of Milling,”’ by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-4. 

8 ‘Performance of Cutting Fluids in Drilling Various Metals,”’ 
by O. W. Boston and ©. J. Oxford, Trans. A.S.M.E., vol. 55, 1933, 
paper RP-55-1. 
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AER-58-4 


Boundary-Layer Flow Over Flat and 


Concave Surfaces 


Boundary-layer characteristics are of interest not only 
because of their effect on airplane wing drag and lift, but 
also because of their intimate relation to the “‘interfer- 
ence drag’’ which so far has received relatively little atten- 
tion from the standpoint of boundary flow. For this 
reason the author encouraged Charles B. Lyman, a post- 
graduate student at the Carnegie Institute of Technology, 
to initiate experimental work which might lead to this 
objective. Accordingly, the contents of this paper are 
based on the results of this thesis investigation which was 
carried out under the general supervision of the author 
during the college year 1934-1935. Due to lack of space and 
time many of the test data cannot be presented, but an 
attempt will be made to cover the more important and 
interesting results of the investigation. 


over flat and concave surfaces it was decided to investigate 

the flow over a flat glass plate set parallel with the rela- 
tive wind and, if the test data secured from this setup checked with 
previous work on similar plates, to proceed with observations of 
the boundary flow over flat plates (aluminum) inclined into the 
wind, and also of that over curved surfaces (concave to the wind). 
The flow in all cases was to be two-dimensional at the section 
being studied. 

Periodic use of the large wind tunnel by aeronautical students 
made it necessary to utilize the apparatus shown diagrammati- 
cally in Fig. 1, which could be excluded from the laboratory 
equipment used in the experiments regularly scheduled. A flow 
nozzle with a round 12-in. orifice and exit-entrance area ratio of 
| to 4 furnished the air jet used in the various tests. The 
nozzle was attached to a conical expansion piece which served to 
tie the nozzle into the circular 17-in. fan duct. The total diver- 
gence angle of this connector was less than 7 deg. Air was de- 
livered to the duct by a single-inlet, Buffalo turboconoidal fan, 
driven by a 7'/;-hp d-c sbunt-wound motor. The motor drove 
the fan by means of a three-strand rubber V-belt, with a negli- 
gible slip for the load imposed on the unit during the various 
tests. Swirling of the air stream was effectively prevented by 
means of a honeycomb straightener inserted in the channel at the 
fan-discharge section. The honeycomb was constructed of thin 


é S A preliminary step in the study of boundary-layer flow 


! Associate Professor, Mechanical Engineering, Charge of Aeronau- 
tics, Carnegie Institute of Technology. Professor Blaisdell was gradu- 
ated from the University of Maine in 1911, with the degree of B.S. 
in M.E. During 1912 he remained at the same institution as a labo- 
ratory assistant. In 1913 he went to Pittsburgh as technical ap- 
prentice with the Westinghouse Machine Company. In 1915 he 
joined the teaching staff of the Carnegie Institute of Technology, as 
instructor in mechanical engineering. 

Contributed by the Aeronautic Division and presented at the 
National Technical Aeronautic Meeting of THe AMERICAN Society 
or MECHANICAL ENGINEERS, held at St. Louis, Mo., October 10-12, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Norse: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


By ALLEN H. BLAISDELL,! PITTSBURGH, PA. 
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aluminum tubes having an inside diameter of 1 in. and a length 
of 6 in. 

A sphere-drag test was made to determine the amount of turbu- 
lence existing in the free jet. For this purpose a 2!/.-in. polished 
hard-rubber sphere was suspended in the 12-in. air stream at a 
point 6 in. from the nozzle orifice section, and its drag measured 
ballistieally at varying Reynolds numbers. The turbulence 
factor was found to be about 1.7 per cent or somewhere between 
that of the variable-density tunnel at Langley Field and free- 
flight conditions. The high turbulence was due, of course, to 
the use of a commercial type of fan for motivating the air. 

The speed range of the jet could be extended upward to about 
100 fps, which, with a flat test plate 12 in. in length, corresponds 
to a Reynolds number of nearly 589,000. Most of the test runs 
were made at about 30 fps, which gave, with a suitable entering 
edge to the plate surface, a laminar layer. Hansen? gives a criti- 
cal Reynolds number of 32,000 at which a transition of laminar 
to turbulent flow occurs in the boundary layer of a flat plate, and 
this would correspond to a free-jet velocity of about 55 fps. Ve- 
locity and static traverses were made in the orifice plane of the 
jet and at several sections along the jet axis. Traverses were 
repeated at a section of the jet located 3 in. from the nozzle ori- 
fice with the models in place; the presence of the models caused, 
as would be expected, some distortion of both the velocity- 
pressure and static-pressure distribution across the jet. In the 
case of the flat plates, this lack of uniformity of velocity and 
pressure did not matter since the test measurements were con- 
fined to within a distance of 0.150 in. along the 12-in. diameter 
of the jet. 

The boundary-layer characteristics were determined by the 
pitot-tube method, this being the simplest and most practical 
way of obtaining the data for a preliminary investigation such as 
the one reported in this paper. The total head and static head 
were obtained by use of separate tubes, it being impossible, of 
course, to use the combined type of instrument because of the 
very small dimensions. Several total-head tubes were made, 
only two of which were used. A small static tube was also con- 
structed with the double intent of being able to measure both the 
static pressure at any point and yet have a tube small enough so 
that the pressure at different points within the boundary layer 
could be ascertained. This required that the dimensions of all 
the tubes should be of a lower order than that of the boundary 
layer, which itself becomes as low as 0.035 in. Sketches of the 
static tube and the larger of the two impact tubes are shown in 
Fig. 2. 

The pressure holes in the static tube could be moved to a point 
0.021 in. from the surfaces; the centroid of the area of the end of 
the tube was 0.009 in. from the surface. In the case of the small 
impact tube this distance was reduced to 0.004 in. The velocity 
measured was considered to be that at the centroid of the tube 
end opening. Due to interference, the measurements taken at, 
and very close to, the surface, gave high values. Readings taken 


? “Reduction of Turbulence in Wind Tunnels,” by H. L. Dryden, 
Seventeenth Annual Report, National Advisory Committee for 
Aeronautics, Report No. 392, 1931, pp. 557-565. 

3“Velocity Distribution in the Boundary Layer of a Submerged 
Plate,” by M. Hansen, National Advisory Committee for Aeronau- 
tics, Technical Memorandum No. 585, October, 1930. 
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Leading Edge 


Sketch Showing 
Model Mounting 


Front Elevation Showing Position of Jet 


J 


Side Elevation of Complete Set-up 


Fic. 1 Sketrcu or Test APPARATUS 


closer than 0.015 in. were discarded.‘ The dimensions of the 
impact-tube orifices were measured with the aid of a micrometer- 
microscope. These tubes were calibrated carefully and found 
to possess a coefficient of unity throughout the range of velocities 
employed for the tests. The standard pitot tube adopted by the 
American Society of Heating and Ventilating Engineers was 
maintained at a fixed position in the flow during all the runs, its 
primary purpose being to indicate velocity variations in the air 
flow brought about by voltage variations in the motor line. 

The pressure manometers used were of the direct-lift type and 
were constructed by the laboratory mechanic. They are shown 
in Fig. 3. The liquid used in the manometers was methyl alcohol 
having a specific gravity of 0.80. The gages could be read to 
within 0.0001 in. of alcohol, but the accuracy attained in repro- 
ducing a reading was of the order of 0.001 in. with a variation of 
about 0.1 fps in the velocity range of the tests. These gages were 
very sensitive to changes in the air pressure of the laboratory 
brought about by the sudden opening of doors or windows. 

With the exception of the single glass plate, all of the models 
used were of smooth rolled sheet aluminum with a thickness of 
0.081 in. They were rectangular in shape, 12 in. long by 15 in. 
wide, with the 12-in. dimension always placed along the wind and 
the 15-in. dimension placed perpendicular to the jet axis. Since 
the longer side of each plate extended fully across the 12-in. di- 
ameter of the jet, and since the horizontal plane in which all the 
measurements were made was only °/, in. below the axis of the jet, 
two-dimensional flow over these portions of the plate surfaces 
was realized. The curved plates were rolled to the required 
curvature and checked by means of drawing sweeps. The enter- 


*“On the Conditions at the Boundary of a Fluid in Turbulent 
Motion,” by T. E. Stanton, D. Marshall, and C. N. Bryant, Tech- 
nical Reports of the Advisory Committee for Aeronautics (British), 
Reports and Memoranda, No. 720, vol. 1, 1919-1920, pp. 51-67. 


ing edges were brought to their finished shapes by grinding, filing, 
and polishing with emery cloth. 

The exploring pitot tubes were held in a compound tool rest 
which could be moved in two mutually perpendicular directions 
as well as through any definite angle. This rest was mounted on 
a table as can be seen in Figs. 1 and 3. Positions normal to the 
plate surfaces were varied by means of the cross-feed and could 
be measured to within about 0.0002 in. Distances along the 
flat plates could be secured with the long feed, whereas, in the 
case of the curved models, the entire head had to be rotated for 
each new horizontal position in order that the cross-feed would 
always be normal to the surface. The plates were aligned rela- 
tive to the jet and to the pitot tubes by means of a square and 
plumb bob. The plates were all mounted with their entering 
edges 6 in. from the plane of the orifice, and pivoted at a fixed 
point. 

With the model clamped in its proper position and with the 
air flowing, the A.S.H.&V.E. tube was clamped in place and 
connected to one of the manometers. This manometer was set 
at a certain reading and the level was constantly observed and 
maintained at this vaiue throughout the duration of a given run. 
Considerable trouble was at first experienced in accomplishing the 
latter result. Throughout any run the motor speed had an up- 
ward trend due to the heating of the field windings. This was 
offset to some extent by allowing the motor to run from 20 to 30 
min before taking readings. Superimposed upon this was a very 
poor voltage regulation which caused some swelling, up and down, 
of the manometer readings. A rheostat was inserted into the 
field circuit and used to compensate for these effects on the motor 
speed. Readings of the total head and static pressure were taken 
only when the control pitot tube indicated the proper velocity. 

The velocity of the main stream was in each case considered 
that just outside the boundary layer at the section being tra- 
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Fie. 2. Sketcu or Static Impact TuBes IN THE TESTS 


In several instances, particularly in the case of the 


zs 


curved plates, there was a velocity gradient outside the boundary 
layer, but this was very much less than that within the layer and 
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was therefore neglected. All of the velocity determinations as 
measured by the tube and manometer were averages. In any 
given case this average should be close to the actual, a variation 
of +5 per cent in velocity causing an error of only +0.15 per 
cent in the averages as measured by the pitot tube. 

Variations in barometric pressure and air temperature were 
noted at all times during the tests, and the final results derived on 


Fic. 3. MANOMETERS OF THE Dtrect-Lirt Type FoR READING 
Pressures WITHIN 0.0001 IN. or ALCOHOL 


the basis of a temperature of 76 F and a pressure equal to the 
average of the barometric pressures for the tests. 


Tue Fiat-PLate Bounpary LAYER 


The first series of tests was made on a glass plate set parallel 
with the relative wind. The plate thickness was 0.198 in. and the 
entering edge was shaped as shown by the sketch in Fig. 4. 
Pitot-tube explorations were made at sections 7/s in., 27/s in., 
45/, in., 67/s in., and 8’/, in. from the entering edge. The ve- 
locity-distribution curves for the several sections were typical of 
those for a flat surface, showing for the section nearest the en- 
tering edge a laminar condition of flow in the boundary layer with 
smaller thickness than at the other sections where the layer was 
turbulent. The comparatively blunt entering edge tends to 
bring about a turbulent flow. 

Fig. 4 shows the velocity-distribution curves along the flat 
aluminum plate for three points along the plate and for angular 
positions of 0, 5, and 10 deg with the air stream, and entering 
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edge of the same shape as in the case of the glass plate as shown by 
the sketch in Fig. 4. The general shape of the curves indicates 
that the layer has become turbulent at the last two traverse 
points on the plate when at 0 deg with the axis of the jet. 

For those cases where the flat plate was inclined to the wind, 
conditions of flow are altered from those which exist about the 
plate when aligned with the jet axis. The inclined plate surface 
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course the same held true of the average velocity. Inclining the 
plate caused a considerable reduction in the static pressure of the 
layer along the plate accompanied by a corresponding increase in 
velocity. 
Tue Buiastus Equation 
The Blasius solution of the Prandtl boundary-layer equation 
gave the result 
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Fig. 5 Ovurves or u/U Versus y/\V»,/U ror Vecocity DistriBuTION OveR Fiat aT VARIOUS ANGLES WITH THE AIR STREAM 


tends to deflect the air stream, accelerating in particular that por- 
tion of the jet which approaches the entering edge of the plate, 
the jet velocity at this point being increased by about 5 per cent 
over the free-jet value when the plate occupies its 10-deg position. 
However, for points in the same jet section, at which the 5 per 
cent increase occurs, but in axial line with points 5°/; in. and 9!/s 
in. from the entering edge of the plate, the velocity increase was 
materially less. Thus, there was a gradient in the kinetic energy 
of the air mass as it approached the inclined-plate surface. 

The curves of Fig. 4 distinctly show that tilting the plate seems 
to maintain a laminar layer despite the blunt leading edge, the 
effect being most clearly shown in Fig. 5. Here all of the points 
fall on curves similar to the Blasius curve except the two rear 
points on the plate aligned with the jet flow. The thinning down 
of the entire boundary layer with increase of plate angle is 
plainly in evidence and is due of course to the increased addition 
of kinetic energy to the layer by the impinging air of the main 
flow. The reduction in thickness is particularly noticeable at 
the two rear sections of the plate, the change being greatest for 
plate positions between 0 and 5 deg, and then being much less 
for greater angles of inclination. 

While inclining the plate caused a reduction in the boundary 
layer as a whole, the layer maintained about the same variation 
in depth along the plate for all three positions relative to the jet 
flow. There was a tendency for the layer to thicken to a lesser 
extent for the 10-deg attitude of the plate. The statie pressure 
in the layer remained constant for all three test locations along 
the plate whe then latter was parallel with the main flow, and of 
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(The leading edge was shaped as shown by the sketch.) 
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6 = §.55 V 


where U = velocity of main air stream, fps; 6 = the distance 
in feet normal to the flat surface at which the velocity in feet per 
second u in the layer is equal to 0.995 U; » = kinematic viscosity: 
and s = distance in feet along the plate surface at which the layer 
thickness is equal to 6. Due to difficulty in differentiating be- 
tween velocities that differ very little from one another, as occur 
at the boundary, the layer thickness 4 in the present case was de- 
fined as y at which u = 0.99 U. With this definition of 4 the 
Blasius solution changes to approximately 


= 4.75 V»,/U 


The upper curve of Fig. 6 shows that the experimental results 
for the flat plate (but now with an entering edge beveled to the 
shape shown by the sketch in Fig. 7) parallel with the wind check 
well enough with this relation, giving 


6 = 4.65: 


The Blasius formula is based on the assumption of an undis- 
turbed flow onto the plate, and the relatively blunt edges used on 
both the flat glass and aluminum plates tended unduly to dis- 
turb the flow, and for this reason it was considered desirable to 
make the entrance conditions more favorable by giving the enter- 
ing edge of all the aluminum plates the form shown in Fig. 7. 
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Both of the curves of Fig. 6 indicate that the boundary-layer 


thickness for flat plates tends to vary directly as VJ »,/U for at 
least all angles of inclination up to and including 10 deg. 


Tue Curvep-PLate Bounpary LAYER 


The curvature of the three models used had similar effects 
upon the boundary-layer characteristics as did the obliquity of 
the flat plates. The layer thickness increased along all of the 
plates until at a distance of 9 in. from the entering edge (measured 
along the surface) the layer showed a tendency to decrease in 
thickness, this change being most pronounced for the plate with 
a radius of curvature of 1 ft. Beyond the same point the static 
pressure in the layer decreased while the velocity increased. For 
all points between 0 and 9 in. along the plate surfaces both the 
static pressure and velocity in the layer remained fairly constant, 
although there were some indications of an increase of pressure 
and decrease of velocity between the entering edge and about 
the center of the plate surface. The reason assigned to the 
rather sharp changes in the boundary characteristics near to the 
exit edge of the plates was the presence of a region of reduced 
pressure on the opposite side of the plates in this locality. 

The curves of Fig. 7 show the velocity variation in the bound- 
ary layers at three points along the surfaces, and for three radii 
of curvature. The effect of surface curvature in maintaining 
laminar flow in the layer is clearly seen, and the plotted points 
of Fig. 8 give a still better illustration of this influence. The 
term R, in Fig. 8 denotes the radius of curvature of the plates. 
A study of the velocity curves of Fig. 7 brings out the interesting 
fact that extreme curvature tends to reduce materially the ve- 
locity of flow in all parts of the boundary layer for those sections 
of the plate nearest the entering edge. Evidently as the flow 
proceeds along the concave surface, the layer velocities near to 
the solid surface for the plate of 1 ft radius exceeds those of the 
plates with greater curvature, and this effect seems to grow along 
the plate. However, in the outer portions of the layers the effect 
of increased curvature is to reduce the velocity. 

The plotted points of Fig. 8, in a manner similar to those in 
Fig. 5 for the flat plates, are shifted various amounts toward the 
ordinate axis, but retain a trend in position comparable to that of 
the Blasius curve for flat plates. The displacement of the points 
seems to vary directly as the distance s along the plate surface, 
and as the amount of curvature 1/R.. 


Plotting values of 6 against V/ v,/U, Fig. 9, shows a nonlinear 
relation, with the slope decreasing as s increases. If log 6 is 
charted against log V/ v,/U it is found that the slope of the re- 
sulting curve is equal to 0.76. That is, 5 « (»,/U)°-*. 
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GENERAL CONCLUSION 


As a general conclusion it may be stated that the results of the 
study show that obliquity and curvature (concave to wind) have 
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a definite effect upon the characteristics of the boundary flow 
over smooth surfaces. Both factors produce like influences, 
namely, to decrease the layer thickness, and for the same reasons. 
The boundary-layer thickness continues to follow the tendency, 
as for the case of a flat surface parallel with the wind, of vary- 
ing directly as v,/U, and the effect of each one of these vari- 
ables may be isolated in the experimental data. 

The obliquity and curvature have an effect upon the velocity 
distribution within the boundary layer, although this effect is re- 
lated somewhat to the effect on the thickness 6. Obliquity and 
curvature also increase the slope du/dy and hence increase the 
intensity of skin friction. 
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The Accuracy of the Cleanliness-Factor 
Measurement for Surface Condensers 


By P. H. HARDIE! anv W. S. COOPER,? BROOKLYN, N. Y. 


The authors outlined in a previous paper* an experi- 
mental method for evaluating the performance of steam 
condensers in terms of a new quantity which was defined 
as the “cleanliness factor.’”” The method of determining 
the cleanliness factor is essentially a sampling process, 
involving the measurement of the performance of a lim- 
ited number of new and old isolated tubes. 

The present paper is concerned chiefly with the accuracy 
of this determination. The investigation reported herein 
was conducted for the specific purpose of determining 
whether the limited number of test tubes (24) heretofore 
used is sufficient to indicate adequately the cleanliness fac- 
tor of an entire condenser. By the use of 96 isolated test 
tubes, data were obtained to compute the probable accu- 
racy for any number of isolated tubes. The probable ac- 
curacy was found to be 98.4 per cent for 24 tubes, and 99.2 
per cent for 96 tubes. 


HE PURPOSE of this paper is to demonstrate the accuracy 
in measuring the cleanliness factor of surface 

condensers. This measurement, which is necessary to 
evaluate condenser performance in terms of tube fouling, was 
described by the authors in another paper.’ Briefly, this method 
consists of measuring, at specified conditions, the thermal trans- 
mittance of a-.limited number of old tubes together with an 
appropriate number of adjacent new ones specially installed 
just prior to the test. The cleanliness factor is computed by 
dividing the average transmittance of all the old tests tubes by 
that of all the new ones. As stated in the preceding paper,* 18 old 
tubes and 6 new tubes, making a sample size of 24 tubes, was 
considered adequate for large condensers. This number was 
chosen for economic reasons. 

While there has been no doubt as to the possibility of accurately 
measuring the actual performance of individual tubes in a con- 
denser, it was felt that further investigation was needed to estab- 
lish the reliability of the adopted sample size. This process of de- 
termining the overall cleanliness factor from the performance of 
a limited number of tubes is analogous to the well-known sam- 
pling process of judging, for instance, the quality of a material or 
manufactured article from the inspection of a limited number of 
constituent samples selected at random. In the case of condenser 
sampling to determine the cleanliness factor, considerable latitude 
in the selection of the test group locations is permissible, but the 


' Test Engineer, Brooklyn Edison Company, Inc. Mem. 
A.S.M.E. Mr. Hardie was graduated from the Alabama Polytech- 
nic Institute with a B.S. degree in mechanical engineering in 1921 
and later received his M.E. degree. He spent the following year at 
the Massachusetts Institute of Technology specializing in design 
and testing. He received early practical training with the Hardie- 
Tynes Manufacturing Company, Birmingham, Ala., and was associ- 
ated with the Westinghouse Electric and Manufacturing Company 
until 1926 as a steam-turbine designer. Since 1926 he has been en- 
gaged in power-station testing for the research bureau of the Brook- 
lyn Edison Company, Inc. 

? Assistant Engineer, Brooklyn Edison Company, Inc. Mem. 
A.S.M.E. Mr. Cooper was a member of the instrument test de- 
partment of the Taylor Instrument Companies in 1917 and 1918. 
He was graduated in 1924 from Cornell University with the degree 
of M.E., and received the degree of M.M.E. in 1932. In 1924 he 
was appointed to the engineering teaching staff of Cornell University 


groups must be distributed throughout the condenser so that 
all parts will be represented. A high degree of accuracy in de- 
termining the overall cleanliness factor by this method has never 
been claimed because it was realized that the sample size is 
governed by practical limitations. Prior to the previous paper,’ 
however, one manufacturer expressed the opinion that the method 
would be acceptable if the true cleanliness were indicated within 
+5 per cent. Continued effort has nevertheless been made to 
develop the present method so that the error would not exceed 
+3 per cent. It is believed that the tests described in this paper 
demonstrate the reliability of the cleanliness-factor determina- 
tion. 

To prove the adequacy of 24 isolated sample tubes in yielding 
a reliable value of cleanliness factor, the sample size was increased 
to 96 tubes. The test was conducted on condenser E on which a 
24-tube test was reported in the previous paper.* This is a single- 
pass, 100,000-sq ft condenser, and was considered to be repre- 
sentative of operating conditions. 

Due to the prohibitive cost of equipment and personnel which 
would have been entailed had all 96 tubes been tested simul- 
taneously, it was decided to extend the test over a period of four 
days, and to test one fourth of the tubes each day. All the new 
tubes were installed while the condenser was withdrawn from 
service for installation of the test equipment. Those new tubes 
not used during any one day’s test were stoppered at both ends 
to prevent their fouling until used. However, the usual water 
flow through the old sample tubes was not disturbed until the 
selected group was isolated for testing. Even during the test 
period a flow rate corresponding to the average velocity for the 
entire condenser was maintained, the source of the circulating 
water being the same as for the condenser. Each night the hose 
jumpers were transferred to other selected groups until all 96 
tubes had been tested. The locations and groupings of the sample 
tubes are shown in Fig. 1. In selecting the group locations an 
effort was made to maintain, roughly at least, a constant ratio 
of sample tubes to total tubes in each part of the tube layout. 

It was anticipated that some progressive fouling of the sample 
tubes would occur during the four days of testing. The concur- 
rent reading, however, of the overall condenser transmittance 
served as an accurate measure of the increased fouling for cor- 
recting the test-tube values. 

During each day of testing the same sequence of loads was 
maintained on the condenser. These loads were held constant 


and was connected during the following three summers with the 
turbine engineering division of the Westinghouse Electric and Manu- 
facturing Company. Mr. Cooper has been associated with the re- 
search bureau of the Brooklyn Edison Company, Inc., since 1926. 

3 ‘*A Test Method for Determining the Quantitative Effect of Tube 
Fouling on Condenser Performance,’ by P. H. Hardie and W. S. 
Cooper, Trans. A.S.M.E., vol. 55, 1933, paper RP-55-3, pp. 37-49. 

Contributed by the Power Division and presented at the Annual 
Meeting of THe American SocteTy oF MECHANICAL ENGINEERS, 
held in New York, N. Y., December 4 to 8, 1933. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fic. 1 
(Each test tube was isolated and its heat transmittance determined. The No. 1 tube in each group was new while the other three were old.) 


by locking the turbine inlet valves in positions to give the steam 
flows desired and by completely isolating the unit. The steam 
pressure at the condenser neck was measured with eight absolute- 
pressure gages, the condensate was weighed in the station 
weigh tanks, the circulating-water temperatures for the main 
circuit and for the isolated tubes were measured with high-grade 
thermometers and the flow rate through each isolated tube was 
indicated by means of a nozzle and sight glass. Sufficient data on 
the turbine were observed to obtain the values of enthalpy of the 
steam at the turbine exhaust. The main circulating-water flow 
rate was also computed, using the energy-balance method. All 
tests were of 1-hour duration and were performed at a single 
water velocity, namely, that corresponding to low-speed opera- 
tion of the circulators. Complete data were taken for determin- 
ing the overall performance of the condenser. These data, to- 


TABLE 1 COMPARISON OF HEAT TRANSMITTANCES OF EN- 
TIRE CONDENSER AND OLD TEST TUBES 
Load, Observed Heat transmittance, 

Run 10° Btu cleanliness Entire Old 
no. per hr factor condenser test tubes* 

1 904 0.55 316 311 

2 689 0.55 307 307 

3 569 0.56 297 297 

4 1228 0.54 $22 322 

5 898 0.52 301 285 

6 680 0.52 295 281 

7 572 0.51 286 272 

& 1245 0.50 307 288 

9 7 0.50 291 294 
10 690 0.50 284 289 
ll 559 0.50 275 282 
12 1239 0.48 298 294 
13 912 0.50 280 275 
14 687 0.50 273 268 
15 571 0.49 269 265 

16 1236 0.48 287 279 
17 905 272 272 
18 683 262 264 
19 570 261 261 
20 1238 279 274 


@ Based on steam temperatures at top of condenser. 

U = heat transmittance in Btu per hr per sq ft per deg F log mean tem- 
perature difference. 

Nore: During the test the inlet-water temperature was 53 F and the 
water velocity was 5.3 fps. 


DiaGraM OF INLET TUBE SHEET SHOWING Test-TUBE LOCATIONS 


gether with those of the sample tubes, were obtained with the same 
degree of accuracy realized on formal acceptance tests. 

Table 1 gives a comparison between the overall transmittance 
and the average transmittance of the old test tubes. The fairly 
close agreement between them seems to indicate good sample 
selection. The small disparity appearing between the correspond- 
ing values of heat transmittance does not necessarily mean a 
significant error in the observed overall cleanliness factor. The 
cleanliness factor is subject to less variation than the correspond- 
ing transmittances. The heat transmittances of old tubes are 
affected by several variables, only one of which is the cleanliness 
factor. The maximum difference occurring between old tubes and 
overall transmittances during runs 5 to 8, inclusive, is probably 
due to less opportune sample selection than that obtained during 
the otherruns. The deviation of the cleanliness factor is, however, 
only 1.8 per cent. The average values of transmittance for the 
test tubes appearing in Table 1 have been referred to the steam 
temperature at the top of the condenser in order that transmit- 
tances may be comparable with the overall condenser. 

Those groups tested on the first day were retested on the fifth 
day. That the sample tubes fouled at approximately the same 
rate as the entire tube bank seems to be evinced by the fact that 
the average transmittance of the old test tubes agreed with the 
overall transmittance equally well on the first and fifth days as 
shown by Table 1. The observed values of cleanliness factor for 
the fifth day of testing (runs 17 to 20, inciusive) are not given 
because these were in error, due to fouling of the new tubes to 
the extent of about 2'/, per cent during the intervening four-day 
period. This might have been prevented had these tubes been 
thoroughly dried before stoppering them after the first-day’s runs, 
but their fouling during the intervening period was of no impor- 
tance as far as the primary purpose of the test was concerned. 

Table 2 gives the performance of all test tubes both in terms 
of heat transmittance and cleanliness factor. The transmittances 
were computed using the more exact method of referring the 
performance of the tubes to the estimated steam temperature at 
each group. The values of transmittance and cleanliness factor 


given in Table 2 closely approximate those that would have been 


“4 
44 
\ 
3 
| 
| 


= 


FSP-58-5 


R 


“4 


LS AND STEAM POWE 


4 


FUE 


= AD 
6'8IE £ 


¢ 16¢ 008 O'¢ 


= 

= °) Sto = 
9E9°0 
0°10 ¢°26z 2° 
2°Z0E 


A 


929°0 = AO 

09g = = 

98b 26h OFE'O 629 0 

FOC 86F O O 

L 9 992 6 4 

€ L196 9 29% 8" 


4 
= 
€8z = eee 
0 
€° 8° 682 
9° 
LI¢ 0 ZE¢ 
48% 1°82 
ez¢'0 
uny 


IONONS 


N 


Z1¢'0 = do 
98s = = 


82¢ 0 O 
9 6 ELS EOE 
1° L0€ I 
0° 1 19% 6 
L£°98% 9 U' 
H 


= AD 

= 90S = 
oo¢g ¢9¢'O 
Z1¢°0 22¢°0 LL¢°0 
L9Z 86G 9 86 
0 06¢ 0 0 
8 66% £ 062% 6 062 
O 0 0 
0'19% L8Z 9 S8e 

M 


= 
626 = 922 = 
F9F O SIC O 
L €92 2 16d 
ose’ 16% 0 60¢ 0 
O FSF O 86F 
1° 09% 


= 
coe = = 
6 98% 9 
0 
6 687 Sze 9 ITE 
929 '0 66F'O 
£ 98% 6 FEE Z ROE 


19% 0 62¢ 0 LOG 


& SIE 8 


Zo] Zep 10d 45 bs 10 
‘sdj SUM 1098 


60¢°0 = = ‘969 = 103 BAY 


‘1 ut OqNn4-4904 04 10501 dnospy 
‘saqny PUB O pu sydiuosqng 
10408} = 

d iq ‘seqn 48 UO = /) 
M 94} pus EG ‘99809 049 


sic'o = aa ‘coe = = ‘'H ‘L ‘O ‘d jo Bay 


tec 0 = = dO 
06% = = 922 = = “2 
¢ 862 8 $62 8 962 6° €8S 
se¢ 0 6&9 0 0 0 109 0 
L 


826 9 9 96% € 8ZE ¢ ¢ 
cee 0 O O SEP 0 68h 0 99F 0 
822 9' 1° 68Z 8 6 LOL 
c2¢ Ler’ O O SOF O 

M Ss 
‘OL AB 
= dv = AD 

= 989 = “.) 046 = = 
0 0 zee O LIS O 
€°682 2°62 L Ele L8¢ 99% LOE 
8° 282 ¢ LZ 09% 2 26% 9 
g8t'O 10¢ 0 O8t OCF 


= 40 ‘808 = = “2 'D ‘A ‘d ‘g jo Bay 
= dO = AD 
=°) =") = = 


YOLOVA SSANVINVA'IO UNV 


9 

css 0 0 
0'892 ¢ OIS 6 STE 9° 80E 


‘TT AB 


sco = AD = AD 


FOE 6 OYE 26% O 6 


A 
‘6 ABW 


0 tz¢ 0 LIS 0 60¢ 0 


0 ZI¢ 0 


692 0 122 6° 1 IT 
5 | 
4 I + 4 


222 1 € OIE O' Sit F 


= do 
= “nN 


6g¢ 


‘nN sdnoia jo Bay 


= 


= 


O 


1 8 


LHL 


a 


= AJ 

929 = 

0 6ZE £°6E9 
0 

I O SEE 9° 829 


= AD 


969 = “7 


0 
6 ste ¢ 
0 L0¢'0 
6 Ite 9 6° 002 
ZI¢'0 


61g & 6 S99 


AONVLLINSNVUL LVAH AO SNUAL LSAL AO 


= AD 
= 69 = “) 
0 


0 
9ZE O' 789 
LLP 


b L229 
d 


= AO 
= “f 


66% LLb 0 


8 FEE ESOL 
N 


= dO 


= °2 = “2 


0 ELE 
6 SEE 9 
26h 0 
8' 228 ¢ 


0 = AD 


eee = = 
LIe 6 6FE 6 299 
Te 6 Ive O' LEE L 


9 FFe I 


96F'0 StS ESS 


VL 


dnoipn 


AO 

il 

0 Z16 

AD 

il 489 

AD 

al 

dnoiry 


AD 

AD 

Q 406 

AO 

a 069 

AD 

al 


Baw dnoiry 


AO 

a 

AD 

al 868 

AD 

AO 

al 

dnoiry 

Bae dnoirny 

dO 

| 

AO 

| 506 

689 

fe) 

a 69¢ 

dnoirn 

‘ou ig 10d 


™ 


own 
a 
None 
3 3 
ee 
NONONONO 
| 
i 
t 
om a= © 
5 
N ¢ 3 
| < 
~ 
co 
oF 
> 
~ 
— | 
| 
| 
| 
j 


352 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


obtained had all 96 sample tubes been tested simultaneously. 
In order to compensate for the slight amount of unavoidable 
fouling which occurred during the period of test, the percentage 
deviation of the overall heat transmittance for any run from a 
mean value during the first four days of testing was applied to the 
individual values of heat transmittance for the old test tubes in 
order to correct them to the mean degree of cleanliness. The 
new tubes of course required no correction. The values given in 
Table 2 have been so corrected. In order to compute, with the 
same degree of accuracy, values of other combinations than 
those reported, an extra significant figure has been retained, which 
ordinarily would not be justified. 

The average cleanliness factor as determined from the 96 test 
tubes was found to be 0.509. The average for the 24 tubes tested 
the first day differed from this value by +1.0 per cent; those 
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Fie. 2. Tue Errect or SAMPLE SIzE ON THE ACCURACY OF THE 
CLEANLINESS-F ACTOR DETERMINATION 


tested the second day by —1.8 per cent; the third day by —1.0 
per cent; and the fourth day by +1.8 per cent. These devi- 
ations while of interest in that they give a practical demonstration 
of the agreement for different group selections, are not as reliable 
an indication of the accuracy as the probable error computed 
according to the methods of statistical analysis as given in the 
1933 A.S.T.M. Manual on Presentation of Data. The data 
were analyzed and found to conform to the normal frequency 
law which permitted computation of the probable error for any 
given number of test tubes. The method of computing probable 
error is given in Appendix 1. Fig. 2 shows the probable error 
plotted against sample size, the value for 24 tubes being 1.6 per 
cent. The corresponding accuracy of 98.4 per cent is of a reason- 
ably high order of magnitude for condenser-test measurements. 
More than 24 tubes would hardly be justified because of the 
diminishing returns afforded by increasing the sample size. 
Even with 96 tubes, the accuracy is improved only by 0.8 per 
cent, i.e., from 98.4 per cent to 99.2 per cent. On the other hand, 
a much smaller number of test tubes would entail too great a 
sacrifice in accuracy. While the foregoing values of accuracy are 
applicable only to the particular condenser tested and the specific 
test conditions, it seems reasonable to believe that the sampling 
accuracy would be substantially the same for other condensers 
and other operating conditions. For condensers having less 
than 8000 tubes, the authors believe that the number of sample 
tubes may be reduced to 16 and still obtain a degree of accuracy 
comparable to that reported in this paper. Less than 16 tubes 
should not be used on acceptance tests even for small condensers. 
While this concludes the report of the tests of 96 tubes, the 
authors would like to make this further observation. 

The present test together with two previous tests on the same 
unit at higher cleanliness factors has provided some interesting in- 
formation on the application of the cleanliness factor. As dis- 
cussed in the previous paper, * one manufacturer has estimated that 
the overall heat transmittance is not reduced in direct proportion 
to the cleanliness factor. These tests would seem to indicate that 


this is true for the condenser under discussion, but sufficient 
data are not available at present to establish any quantitative 
values. Further discussion of the probable relation between 
cleanliness factor and overall performance is given in Appendix 2. 

The authors desire to acknowledge their indebtedness to the 
following members of the research bureau, Brooklyn Edison 
Company, Inc.: W. J. Roberts and K. W. Bondurant who as- 
sisted in securing the test data and computing the results, and 
to E. Richman who made the statistical analysis. 


Appendix 1 


StatisticaAL ANALYSIS OF CLEANLINESS-Factor Data 
FOR ACCURACY 


Since averages of samples are of value only when something 
is known about their accuracy, the test data were analyzed with 
this consideration in view. The problem centers around the varia- 
tion in cleanliness from tube to tube throughout the condenser or, 
in other words, around the determination of the frequency dis- 
tribution of the tube-cleanliness factors for the condenser as a 
whole. Since statistics is the most suitable tool for dealing with 
frequency distributions, modern statistical methods as given in 
the 1933 A.S.T.M. Manual on Presentation of Data have been 
used. 


NO. OF SAMPLES OCCURRING 
WITHIN CELL LIMITS 


GROUP CLEANLINESS FACTOR 


Fic. 3 DistrisuTION oF THE CLEANLINESS-FacTor VALUES 


gr ae, ~4 histogram of tube cleanliness for the 24 groups is represented 

by A. Computed frequency distribution of tube cleanliness for the entire 

condenser is represented by Coordinal values represent the relative oc- 
currences of respective tube cleanliness.) 


The first consideration was to check the data for control. The 
data checked were the cleanliness factors for each group of tubes. 
The average of the three old tubes for each group was treated 
as a unit or single sample. The 24 samples were divided 
into rational subgroups, six groups of four samples each. Limits 
of three times the standard deviation were set on the arithmetic 
means and the standard deviations of these subgroups. All 
values fell within the limits, indicating that the data were con- 
trolled. 

That the data were controlled is of twofold significance. First, 
it indicates that the variability was due to a constant system of 
chance causes and not to assignable causes that could have been 
eliminated. Thus, further refinement in test procedure (exclusive 
of sample size) would not be justified. Second, when the variation 
is due to a constant system of chance causes the frequency 
distribution closely approximates normality (normal-law curve). 
This then gives a basis for assuming the functional form of the 
distribution to be the normal-law curve. Fig. 3 shows the histo- 
gram for the samples selected and the corresponding normal-law 
frequency-distribution curve computed for the entire condenser. 

The two parameters of the normal-law curve, the average and 
the root mean square, or standard deviation, can be evaluated 
readily from the samples. The best estimate of the average is 
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the average of the samples, while the best estimate of the stand- 
ard deviation is the standard deviation of the sample corrected 
for a sample of 24 groups. The equation for computing the stand- 


ard deviation is 
bad 
¢= 
n 


Where o = standard deviation, X = value for any sample, X = 
arithmetic mean of all samples, n = number of samples, and 1.045 
= constant to correct for sample size of 24 tubes. 

Having established the frequency distribution of the tube 
cleanliness, the accuracy of sampling in terms of probability was 
readily determined. Customary error theory was used where the 
total area under the frequency-distribution curve is taken as 
unity and the percentage of area lying within any chosen range 
represents the probability of the sample falling within that range. 
The commonest measure of error is the probable (50 per cent) 
error, computed from the normal-law curve and is equal to 0.675 ¢. 

In Fig. 2 the probable error determined from this test is plotted 
against sample size, expressed as number of tubes instead of 
groups. Where the frequency distribution follows the normal- 
law curve, the probable error is inversely proportional to the 
square root of the sample size. 


Appendix 2 


Tue INFLUENCE OF THE CLEANLINESS FAcTOR ON THE OTHER 
CorrRECTION Factors 


The cleanliness factor as defined and obtained from test data is 
a measure of the degree of fouling existing at the time of the test. 
This does not necessarily mean that the overall heat transmit- 
tance is reduced in direct proportion to the cleanliness factor, 
although in general this has been assumed by manufacturers to 
be the correct relation. In order for this simple relation to hold, 
other factors must remain unaffected by fouling, or the cleanliness 
factor must inherently correct for the changed conditions result- 
ing from fouling. The variations of the cleanliness factor with 
water velocity was demonstrated in the authors’ previous paper® 
to be inherently corrected for by the method used in measuring 
the cleanliness factor. This paper* also calls attention to the 
probability that the temperature of the circulating water has 
some effect upon the difference in overall performance with 
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different cleanliness factors, and showed in Fig. 7c one manufac- 
turer’s estimate of that effect. 

The test reported in the present paper, together with two pre- 
vious tests on the same unit when the cleanliness factor was 
higher, indicates as seen from Fig. 4 that overall performance is 
not reduced in direct proportion to the cleanliness factor at 
inlet-water temperatures near 60 F. As can be seen from Fig. 4, 
the overall performance was reduced less than 1-CF, where CF = 
the cleanliness factor. The amount of the deviation from the 
direct proportionality is probably dependent upon other condi- 
tions which affect the overall performance, an important one of 
which is the temperature of the circulating water. 
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CLEANLINESS FACTOR 


Fic. 4 THe Cuance Overatt PerrorMance WiTH CHANGE IN 
CLEANLINEsS Facror 


(This curve is applicable to condenser E when the condensing-water tem- 
perature is close to 60 F.) 


It is suspected that the temperature factor is a function of the 
cleanliness factor. In other words, at a given temperature of 
inlet water, the temperature correction factor probably changes 
with cleanliness factor. Such an interrelation seems reasonable 
when it is considered that the commercial temperature factor 
is not solely a temperature-correction but also includes the effect 
on the transmittance of changes in steam penetration, density, 
and velocity which follow a change in water temperature. A 
decrease in the cleanliness factor has somewhat the same effect 
on the steam side as an increase in the water temperature. 

The application of the cleanliness factor is more properly a 
function of the condenser manufacturer, hence, the authors 
will not attempt to draw any conclusions, especially since the data 
available are meager. Discussion by the manufacturers on this 
phase of the subject is invited. 
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The author is discussing cavitation experiments con- 
ducted at the Holtwood laboratory of the Safe Harbor 
Water Power Corporation and shows that metallurgical ex- 
amination supports the results of hydraulic research in so 
far as the mechanical character of cavitation is concerned. 
This support is given by indicative Rockwell hardness tests 
which show, with many metals, appreciable hardening of 
the surface affected by cavitation, by strain lines in copper 
alloys and austenitic steels, and by the type of failure. 
The author points out that the small area affected by the 
individual blows and the characteristics of the blows result 
in particular conditions which would justify the use of a 
special term for this type of attack, such as ‘‘cavitation 
fatigue.’”’ He concludes that in order to have high resist- 
ance against cavitation fatigue, the metal should have 
high corrosive resistance in the water in which it is used, 
and physical and metallurgical properties which result in 
high fatigue resistance. 


ANY years of research have succeeded finally in establish- 
M ing certain facts about cavitation which, though they may 

not be complete, give a definite idea of the manner in 
which cavitation occurs. A great deal of the work has been done 
by or under the sponsorship of the Safe Harbor Water Power 
Corporation. J. M. Mousson, of this company, has adapted an 
arrangement at the Holtwood plant of the Pennsylvania Water 
and Power Company which permits the localization of cavita- 
tion in a limited area. This has made it possible to obtain 
quantitative tests of the resistance of various materials to cavi- 
tation, within reasonable test periods. It is expected that the 
results of an extensive series of tests involving many materials 
will be published later after this research work has been finished. 
It is hoped that discussion of the present paper will facilitate 
the interpretation of the experimental work done. 

The character of cavitation has been established to a certain 
extent, but the reaction of the material to the attack and the 
manner of pitting are not yet understood although different 
theories have been proposed. The author investigated the pitting 
by examining a number of specimens which had been subjected 
to cavitation in the Holtwood laboratory testing equipment. 
The results warrant definite conclusions which are outlined in 
this paper. 


' Assistant to Superintendent of Steam Stations, Consolidated Gas 
Electric Light and Power Company, Baltimore, Md. Mem. A.S.M.E. 
Mr. Boetcher was graduated as Diplom. Engineer in 1922 from the 
Technical University of Hannover, Germany, and then served until 
1924 as assistant mechanical engineer with the North-West German 
Power Company, Hamburg, Germany. Since 1925 he has been em- 
ployed in his present position. 
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Failure of Metals Due to Cavitation Under 
Experimental Conditions 


By H. N. BOETCHER,' BALTIMORE, MD. 


CAVITATION AND OTHER Types OF HypRAULIC ATTACKS 


In view of the lack of exact knowledge up to recent times with 
regard to cavitation, it is possible that some hydraulic failures 
have been ascribed to cavitation which essentially were due to 
other types of attack. These include especially such jet effects 
as appear in the cutting of boiler and superheater tubes by steam 
escaping from leaks or discharged from soot blowers, or in the 
cutting of steam-valve seats (wire drawing), and, in addition, 
impingement effects of the type found in piping and condenser 
tubes. 

The jet effect, which may appear either with liquids or steam, 
involves a continuous pressure on the surface, resulting in a 
grinding or cutting action which often results in smoothly cut 
grooves. The mechanism is probably a surface corrosion, with 
practically simultaneous removal of the products of corrosion 
by the erosive effect of the jet. The impingement type of attack 
is somewhat different. It is often connected with the turbulence 
created by some obstruction to the flow of the water. Impinge- 
ment is probably caused by the exposure of the surface to the 
air bubbles contained in the turbulent water and the action, 
similar to jet attack, is corrosive-erosive. Surfaces exposed to 
this type of impingement attack are often, especially in the case 
of copper alloys, bright and smooth, with grooving and under- 
cutting depending on the flow conditions. The similarity of jet 
and impingement effects of the types mentioned is evident from 
the similarities of the surfaces thus attacked as shown in Figs. 
1 and 2. 

The fundamental difference of cavitation from jet and impinge- 
ment effects is suggested already by the appearance of surfaces 
which have been exposed to it. As Fig. 3 indicates, the surfaces 
are rough and pitted in a way suggesting either a hammering or 
the removal of tiny pieces at a time, rather than an erosive action. 
The attack has its start in the forming of fluid cavities at points of 
contact between the wall and a liquid flowing at high velocity. 
This may be due to flashing of water into bubbles of low-pressure 
steam, to forming of vortices, or to a number of various causes 
which will not be discussed here. The subsequent collapse of 
these cavities in zones of lower velocities results in violent water- 
hammer effects as the water penetrates into the empty space 
created by the condensation of the steam at the walls. For 
details of this action, reference is made to papers such as “Cavita- 
tion Research,” by J. C. Hunsaker.? The action is modified by 
the presence of air, dynamic conditions, and perhaps, as recently 
suggested by W. W. Pagon, by vortex effects; these factors may 
weaken or strengthen, perhaps enormously, the forces released 
by the sudden collapse of the fluid cavities. The fundamental 
characteristic of cavitation, however, remains the mechanical 
water-hammer effect caused by this condition. The effect of 
the resulting rain of sharp blows on the metal depends on a 
number of factors such as the force of the individual blows, the 
number of blows per unit area, and the resistance which the 
affected surface is able to offer. Variations in the first two factors 
may be such that transition types of attack between cavitation 
and corrosive or corrosive-erosive effects result. This paper will 


2 “Cavitation Research,’’ by J. C. Hunsaker, Mechanical Engineer- 
ing, vol. 57, April, 1935, pp. 211-216. 
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be confined to the effect of cavitation on metals such as produced 
under the Holtwood test conditions. 


DESTRUCTION BY CAVITATION 


Compressive Action. The resistance of a metal to cavitation 
depends largely on its physical properties. If the stresses caused 
by the collapse of the fluid cavities are higher than the compres- 


Fic. 2 INNER SURFACE OF CONDENSER TUBE PITTED BY WATER-AIR IMPINGEMENT (X 1!/2) 


Fie. Pirrep CaviTaTION-TEST SPECIMEN. FREE- 
MacuininG 15 Per Cent Curomivum [ron (X83) 


sive yield point of the metal, each blow will exhaust its energy 
by causing a deformation. This action will be continued by 
subsequent blows until either the plasticity of the metal has 
been exhausted and it breaks under the compressive stresses, 
or until strain hardening has produced a layer with a combination 
of thickness and hardness that is high enough to stand the 
battering without further plastic deformation. An analysis of test 
results seems to indicate that the minimum hardness required for 
satisfactory resistance is high because considerable surface hard- 
ening was found even in materials having a hardness of more than 
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Brinell 400. The thickness of the strain-hardened layer varies 
with the initial hardness and with the susceptibility of the metal 
to strain hardening. When this susceptibility is high, a very 
thin layer of quite hard metal is formed. When it is low, the 
strain-hardened layer is thicker, with a correspondingly lower 
surface hardness. 

The effect of surface strain hardening is superficially indicated 
by increases in Rockwell hardness. Hardness determinations 
of this type which have been made so far with nearly one hundred 
ferrous and nonferrous materials have shown increases in surface 
hardness which occasionally, for reasons as yet unexplained, 
seem to exceed those that can be obtained by other means of 
work hardening. However, the practical value of such tests is 
somewhat limited as they do not sufficiently differentiate bet ween 
thin layers of great hardness and thicker layers of lower hardness. 
The microscope gives indications regarding the thickness of the 
layer wherever strain lines appear. It may be possible to de- 
termine, or at least approximate, the actual surface hardness by 
using a Vickers tester which was not available for this examina- 
tion. However, even this is doubtful as samples of austenitic 
stainless steel showed strain lines in layers which occasionally 
were no thicker than one grain. 

A micrograph of cast gun metal shown in Fig. 4 reveals 
the strain lines in a metal which 
had a low compressive strength 
even after strain hardening and 
crumbled under the blows of the 
cavitation attack. This metal 
had a hardness of Rockwell B 29, 
with an apparent increase to B 
57 in the zone affected by cavi- 
tation. Strain-hardened surface 
layers appear also in other micro- 
graphs, such as Figs. 7 and 10. 

Cavitation Fatigue. If the ini- 
tial hardness is high enough to 
withstand the stresses exerted by the collapse of the fluid cavities 
(this, so far, is a theoretical case), or after the strain hardening 
has formed a layer of such metal at the surface of softer materials, 
the attack naturally assumes an entirely different aspect. The 
individual blows stress the metal to a point below its compressive 


Fie. 4 Srrain Lines Cracks IN Cast Gun METAL 
(X 500) 


Fic. 1 Stream-CutT SuPERHEATER TUBE (X 2) 
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yield point. A continuous stress of this magnitude would not 
result in deterioration. However, the stress is intermittent, recur- 
ring millions of times. Research and experience have shown that 
this type of stress variation is likely to cause the failure of metals 
even though the maximum stresses never reach the yield point. 
With decreasing stresses, an increasing number of stress recur- 
rences is needed to produce failure, and most metals have a defi- 
nite low limit, below which they will not fail, regardless of how 
many stress variations occur. The failure of metals under stress 
variations is known by the term “fatigue;” it is the type of 
breakdown that causes, by far, the largest number of mechanical 
failures of metallic equipment. As most of the cavitation speci- 
mens tested are subjected to fatigue conditions during all or part 
of the test periods, it is necessary to consider the mechanism of 
the failure, as far as it is affected by cavitation conditions, and 
the factors which influence the resistance of metals to fatigue 
failure. 

Impact fatigue (or impact-corrosion fatigue) is encountered 
in some other cases and has, for instance, caused the failure of 
gear teeth. In cavitation, the individual blows hit a small sur- 
face with high unit stress though the total energy of the blow 
is low. On the basis of existing theories on fatigue, the energy, 
disregarding certain metals such as lead, is absorbed by intra- 
crystalline deformation; as the energy is small, the deformations 
are confined to a thin surface layer. Although the exact action 


Fig. 5 Cracks IN LARGE CrYSTAL OF CasT 
Copper ALLoy (X 400) 


within the crystal may still be subject to dispute, it seems to be 
a generally accepted fact that some sliding takes place along 
crystallographic planes which, occurring repeatedly, eventually 
results in cracks. The particular conditions of cavitation seem 
to make it possible sometimes to observe stages of this process in 
materials which consist of large crystals as the small area affected 
by the individual blows is likely to cause cracking along a number 
of planes in an individual crystal. Figs. 5 and 6 show cracks in 
erystals of a cast copper alloy which follow, at least in part, the 
apparent crystallographic planes although inclusions seem to 
have determined the course of many of the cracks. The cracks 
are often very narrow; a width of as little as 0.0001 mm (0.000004 
in.) was measured in many cases. This was the only one of the 
specimens examined which showed this condition. 

The small total energy of the individual cavitation blows may 
not be sufficient, in some cases, to drive the cracks across the 
crystal or grain-boundary lines which offer an increased resistance 
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as indicated in Fig. 5 and may, therefore, destroy the crystals 
one after the other. Ordinarily, however, the cracks will cross 
the grain-boundary lines and have the well-known appearance 
of normal fatigue cracks as shown in Figs. 7, 8, 9, and 10. Since 
cavitation is a surface attack, these cracks will not proceed into 
the metal beyond a distance from the surface which depends on 
the properties of the metal. 

The resistance of the metals to “cavitation fatigue,” as this type 
of failure may be designated to direct attention to the peculiar 
conditions of the action, is influenced by the fatigue resistance 
of the metal and by factors which cause stress concentrations, 
such as surface conditions, inclusions, and corrosion. Some 
evidence on hand seems to indicate that the grain size is another 
factor. 


Factors INFLUENCING RESISTANCE TO CAVITATION FATIGUE 


The fatigue strength of a metal is a physical property in so far 
as it can be expressed by curves showing the stress variations in 


Fie. 6 Cavitation Cracks In LARGE CrysTAL or Cast 
Copper ALLoy (X 1000) 


combination with the corresponding numbers of repetitions 
needed to cause failure. As a matter of experience, the fatigue 
strength often is indicated roughly by the hardness. This is 
correct only within the range of ordinary hardness and not at 
extremely high hardnesses when brittleness and spalling condi- 
tions disrupt any even approximate relationship between hardness 
and fatigue strength. If fatigue is the outstanding factor in 
cavitation pitting, this explains the approximate correlation 
between hardness and resistance to cavitation found by the 
Safe Harbor Water Power Corporation. Furthermore, it is 
important that deviations from this relationship, as far as they 
were examined, are always connected with features of the metals 
which are known to affect the fatigue resistance. 

As the force of cavitation affects only the metal at and close 
to the surface, the fatigue resistance or, as far as indicative, 
the hardness of the surface itself is a deciding factor in the initial 
pitting. This hardness, as compared with the average hardness, 
may be lowered by such factors as thermal conditions during 
manufacture and decarburization of steels; it may be increased 
by heat-treatment and by mechanical working during manu- 
facture or during cavitation. A thin layer of great hardness 
apparently is preferable within reasonable limits to a thicker 
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layer of lower hardness, a condition which explains the relatively 
high cavitation-fatigue resistance of metals with high suscepti- 
bility to strain hardening, such as the 18-8 steels. 

As already mentioned, grain size is a possible factor in cavita- 
tion-fatigue resistance. It is usually difficult to obtain direct 
comparisons for showing the influence of grain size on fatigue 
resistance inasmuch as either chemical composition or physi- 
eal properties vary. Two of the copper alloys which were 
tested had practically equal hardness, but differed greatly in 
grain size. 


Fig 7b 
(500) 
Fic. CavitTaTION-FATIGUE AND CORROSION-FATIGUE 
CRACKS AND BANpDs In Cast ALUMINUM BRONZE 


Neither specimen showed indications of attack by corrosion. 
The loss of weight of the large-grained specimen was nearly eleven 
times as high in the cavitation test as that of the small-grained 
specimen. A certain relationship between loss of weight and grain 
size appeared to exist also in the case of austenitic steels. It 
should be noted that the large grains in these cases actually 
represented individual or, at least, large crystals. Therefore, it 
is suggested that a large crystr] size may be detrimental under 
these fatigue conditions, rather than a large grain size. This 
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would be consistent also with the theories regarding the progress 
of fatigue failures. 

As mentioned previously, stress concentrations are of greatest 
importance. Under static stresses, a concentration of stresses 
above the yield point causes deformation which results in a dis- 
tribution of the stress peaks over a larger cross section and, ac- 
cordingly, in a lowering of the unit stress. As alternating stresses 
do not have to exceed the yield point to cause fatigue failures, 
concentrations of stresses are not relieved as long as the yield 
point is not passed. Stress concentrations are caused by numer- 


Fie. 8 (Rigut) Cavi- 
TATION-FATIGUE 
CRACK IN FINE- 
GRAINED MARTENSI- 
Tic 12 Per 
(CHROMIUM IRON 
(500) 


ous conditions. The peculiarities of cavitation limit the sources 
of stress concentration mainly to surface irregularities and to 
inclusions in the metal. This indicates that homogeneous metal 
should be employed and that the surfaces should be as smooth 
as possible. The tests plainly showed the influence of inclusions. 
For instance, a high-alloy cast iron of the Ni-Resist type with 
good physical properties and high corrosion resistance was 
destroyed rapidly since the graphite flakes provided numerous 
points of stress concentration as indicated in Fig. 11. The 
correlation between inclusions and cracks is indicated also by 
Fig. 12, representing a copper alloy. 

The influence of corrosion on fatigue failures is well known. 
As the extent to which materials corrode in any medium depends 
on a number of variables, such as temperature, surface conditions. 
and time of exposure, corrosion-fatigue strength cannot be con- 
sidered to be a physical property of a metal. The principal 
function of corrosion in fatigue is probably the creation of 
numerous points of stress concentration which both start and 
accelerate the progress of fatigue cracks. As the resistance of a 
metal to fatigue is often lowered to a fraction by the presence of 
a corrosive medium, it is probable that corrosion played an im- 
portant part even in the accelerated cavitation tests. Most 
metals tested had a fairly high corrosion resistance. It is probable 
that the mechanical fatigue attack was so violent that corrosion 
did not greatly influence the comparative losses of weight 
except in the case of easily corroded materials. It seems 
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Fie. 9 CAVITATION-FATIGUE 

CRACK IN COARSE-GRAINED Mar- 

TENSITIC 12 Per CENT CHROMIUM 
Iron (X 1500) 


Fic. 10 Banps anp Cavi- 
TATION-FATIGUE CRACKS IN 18-8 
STEEL (X 200) 


certain, however, that service pitting under cavitation is in- 
fluenced by corrosion to a greater extent, due to the longer 
exposure of the metal to corrosive attack. The presence of 
corrosion fatigue is indicated by a number of typical corrosion- 
fatigue cracks. Some of the cracks shown in Fig. 7 are representa- 
tive of this condition. 


PROGRESS OF PirrinG 


The conditions outlined here result in an initial pitting which 
takes place either by crushing or by the breaking out of small 
pieces isolated from the remainder of the metal by fatigue cracks. 
After pitting has started, the resulting conditions favor quick 
progress. The impact pressures imparted by the cavitation are 
distributed in three dimensions in the pits where the rough sur- 


faces offer many points of stress concentration. The result is a 
sidewise spreading of the destruction as well as a deepening of 
the pits. This action usually is considerably more violent than 
the continued surface attack next to the pitted area. Further- 
more, some materials are weak in certain directions as, for in- 
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stance, when rolling or other processes give a definite directional 
distribution of chemically or metallurgically weak constituents. 
In these cases, the cavitation fatigue cracks, as in any other type 
of failure, follow lines of combined least resistance and highest 
stress. The resulting partial weakening of the material may 
permit bending effects which, when the underlying metallurgical 
facts are not understood, appear peculiar and may be responsible 
for incorrect deductions. Two examples are shown by Figs. 3 
and 14. The flaking and plowing effect shown by Fig. 3 is 
explained by the streaks of sulphides in the metal shown in Fig. 
13 which are favored paths of fatigue cracks spreading underneath 
the surface. The flake shown in Fig. 14 was bent up by the force 
of the water penetrating into a fatigue crack passing through the 
long grains of ferrite formed by the rolling. 


CONCLUSIONS 


The metallurgical examination supported the results of the 
hydraulic research, in so far as the mechanical character of 
cavitation is concerned. This support is given by indicative Rock- 
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Fie. 11 Cast Ni-Resist at Pirrep Surrace (X 100) 


well-hardness tests which show, with many metals, appreciable 
hardening of the surfaces affected by cavitation, by strain lines 
in copper alloys and austenitic steels, and by the type of failure. 
The cavitation attack is substantially a special type of impact 
corrosion fatigue. The small area affected by the individual 
blows and the characteristics of the blows result in particular 
conditions which would justify the use of a special term for this 
type of attack, such as “cavitation fatigue.” 

In order to have high resistance against cavitation fatigue, the 
metal should have high corrosion resistance in the water in which 
it is to be used and physical and metallurgical properties 
which result in high fatigue resistance. It should be 
homogeneous and free from inclusions. It should have 
high fatigue strength. This involves high initial hard- 
ness, with satisfactory toughness, or susceptibility to 
considerable strain hardening, with good initial hardness. 
As strain hardening by cavitation in service causes 
small irregularities in the surface, a prehardening of the 
surface should be useful for delaying initial pitting; this 
has been tried successfully in other cases involving fa- 
tigue. It may, however, not be practical in many cases 
as no process known at present can be used to produce 
smooth hardened surfaces on the more complicated shapes 
of runner blades. A numerical evaluation of a fatigue 
strength that would be required to withstand cavitation 
cannot be made at present, and may never be possible, 
in view of the varying conditions; so far, all materials 
tested have been deteriorated in varying degrees by 
cavitation. Reduction of possibilities of stress con- 
centration requires the best possible smoothness of all 
surfaces exposed to cavitation attack. 
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Fie. 12) Caviration-FaTiGuE CRACKS AT INCLUSIONS IN 


Cast Copper (xX 500) 


Fig. 13 GeNERAL STRUCTURE OF FREE-MACHINING 15 PER 
CHromiuMm-IRON SPECIMEN SHOWN IN Fia. 3 (500) 


Fic. 14 Fuake at Surrace or Hot-Roiiep 
Iron (X 100) 


Penniman, Jr., superintendent of steam stations. The specimens 
shown in Figs. 8, 9, 10, and 14 were prepared by the Rustless 
Iron Corporation of America. The concentration of cavitation 
obtained by Mr. Mousson’s test arrangement is no doubt largely 
responsible for the pronounced character of the pitting features. 
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Plunger Lift for Pumping Deep Wells 


By H. W. FLETCHER,' HOUSTON, TEXAS 


Conditions in the operation of deep wells are unfavorable 
in general to the economical performance of displacement 
pumps. The plunger-lift method of raising oil from deep 
wells avoids high operating pressures and close-fitting 
moving parts, and therefore reduces maintenance, the 
chief expense item in the handling of pumping properties. 
This equipment, operating on relatively low gas pressures, 
is well adapted to supplement gas-lift installations and 
in general utilize the initial investment in such auxiliary 
equipment as compressors, separators, and piping to 
produce the property down to the point of abandonment. 
The plunger lift is so designed that high working stresses 
are eliminated, thus avoiding rapid deterioration and re- 
sulting in nearly 100 per cent salvage value. Field tests 
indicate that a material reduction in lifting costs can be 
obtained by the use of this pumping method. 


INTRODUCTION 


HE economical raising of a column of liquid consisting of a 
"patton of oil, salt water, paraffin, sand, and gas, which is 

often corrosive in character, with a pump designed to 
operate at or near the bottom of a deep well and to discharge 
against a working pressure determined by the distance through 
which the fluid is lifted, offers a problem of very considerable 
difficulty. The fact that the discharge pressure is high, often 
from 1000 to 2000 lb per sq in. in wells 4000 to 6000 ft deep, re- 
quires either a close-fitting displacement pump or some form of 
multistage high-speed centrifugal pump, either of which is neces- 
sarily short-lived when an appreciable quantity of sand is present. 
In addition, the presence of gas is a serious disadvantage to the 
satisfactory performance of displacement pumps designed to 
handle liquids, since the volumetric efficiency may be affected 
very unfavorably. When it is considered that the expense of 
repairing these pumps includes a considerable outlay for labor 
and loss of production while the equipment is being removed 
from and replaced in the well, it is evident that the pumping 
expense will necessarily be far in excess of that realized with 
surface equipment operating under more favorable circumstances. 
Note moreover, that there is no surface equipment available at 
present which is capable of regularly handling a gassy gritty 
fluid with any degree of success against pressures approaching 
2000 lb per sq in. Consideration of these pumping requirements 
will indicate at once that the difficulty hinges on the simultaneous 
occurrence of sand and gas in the fluid, together with the require- 
ment of high discharge pressure. 


1 Chief Engineer, Hughes Tool Company. Mem. A.S.M.E. Mr. 
Fletcher was superintendent of the Pennington Steel Tube Company, 
Newark, N. J., from 1908 to 1911. He attended Cornell University 
and was graduated with the degree of M.E. in 1915. After gradua- 
tion he entered the employ of the Newark Spring Mattress Company, 
Newark, N. J., as assistant superintendent. In 1916 he secured a 
position as engineer with Hughes Tool Company, and in 1918 was 
advanced to his present office. 

Contributed by the Petroleum Division and presented at the 
Semi-Annual Meeting of THe AMERICAN SocieTy oF MECHANICAL 
Enaineers, held in Dallas, Texas, June 15 to 20, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


To eliminate high discharge pressure, the well fluid must ob- 
viously be raised in charges, each load being lifted the entire 
distance and discharged before the next is picked up. If the 
apparatus is to handle fluid containing high percentages of sand 
without exhibiting a degree of wear that would appreciably affect 
performance, the initial fit of all moving parts must be relatively 
loose. In attempting to devise a method of pumping that would 
permit raising fluids from deep wells in intermittent slugs and 
with loose-fitting parts, the writer in 1924 devised the system 
which has since become known as the plunger lift, and which, to 
a very considerable degree, meets the requirements as outlined. 


CONSTRUCTION OF THE PLUNGER LiFT 

The equipment used in carrying out the plunger-lift cycle is 
shown in section in Fig. 1. A loose-fitting, all-metal plunger P 
operates in a special string of tubing supported on a tubing 
hanger F. This plunger is provided at the lower end with a 
strainer K, and a footpiece J to stop the plunger, while at the 
upper end it has a rubber safety bumper B to receive the plunger 
should it for any reason come to the surface dry. Within the 
flow head D is a short length of perforated pipe F through which 
the fluid and gas are discharged normally by way of the discharge 
manifold G. Gas is introduced at the input manifold H and 
passes down the well between the tubing and casing to the perfo- 
rated strainer at the lower end and then returns through the 
tubing and passes off through the discharge manifold. In normal 
operation the by-pass valve M is closed and the trap valve C is 
wide open. Needle valves provided with graduated scales are 
installed in both the input and discharge manifolds to permit 
close regulation of both gas and fluid. 

The plunger, illustrated in Fig. 2, consists of four parts, a shell 
A provided with grooves to assist in scraping paraffin, a seat ring 
B held between the shell and the cage C, and a valve D loosely 
fitting in the cage C and arranged to close the bore through the 
plunger when raised to meet the seat ring. Plunger, valve, and 
cage are so proportioned that the valve will remain open when 
the plunger is falling through either gas or liquid, this being 
accomplished by proper streamlining of the cage and ports and 
by maintaining the proper relationship between weight and area 
of the valve. The plunger is dropped in the tubing, falls rapidly 
through the gas, more slowly through the fluid, and finally settles 
down on the cushion seat J shown in Fig. 1, thereby closing the 
valve. Slippage of gas is then prevented and the gas raises the 
plunger with the load of fluid above it the full distance to the 
surface where discharge takes place. 

Approximately 0.020-in. clearance is allowed between the plunger 
diameter and the bore of the tubing for handling oils of from 25 
to 40 A.P.I. viscosity or for water. Even with this relatively 
large clearance, no leakage of gas occurs as long as the rising 
velocity is maintained above a certain critical value. The gas 
pressure below the plunger is, for steady motion, greater than the 
oil pressure above the plunger by an amount equal to the weight 
of the plunger, and that pressure difference tends to displace the 
oil film upward from between the plunger wall and the tubing 
wall. The velocity at which this displacement occurs for a given 
plunger, and hence for a given differential pressure, is inversely 
proportional to the viscosity of the fluid and directly proportional 
to the square of the clearance. It is obvious that if the plunger 


rises more rapidly than the film can be displaced, no leakage of 
gas can occur. 
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A film of liquid is left behind adhering to the 
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Fie. 1 Tue EquipMENT FOR PumpinG DEEP 
WELLS 


wall of the tubing, but once operation is established an equal 
film is picked up ahead of the plunger so there is no net loss of 
fluid during the rising stroke. 

The valve must, of course, remain closed during the rising 
stroke. This is accomplished by making its weight per square 
inch of exposed area appreciably less than that of the plunger 
body per unit of exposed area. 

The cushion seat J shown in Fig. 1 is provided with a coil 
spring designed to absorb the full energy of the plunger when 


falling at a rate of 100 fps through gas, and comes into play only 
when oil is driven away from the seat and the plunger strikes dry. 
This condition may occur through unskilled handling when the 
unit is first started operating. As the plunger reaches the sur- 
face with its load, part of the fluid is forced past the perforated 
nozzle into the dead end of the tubing above and serves as a 
cushion to stop the plunger as it passes the perforations, and the 
impact of the plunger against this stationary fluid slaps the valve 
open so that the plunger can return to the bottom of the tube. 
The comparatively small amount of fluid above the perforations 
at the time the valve opens tends to fall back into the well, but 
meets the stream of gas exhaust- 
ing through the now opened plunger 
valve and is blown out through the H {| | 
discharge manifold. A | 

Should it be desired for any rea- 
son to remove the plunger from the | all 
well, this may be accomplished by ' 
closing the shutoff valve O and open- 
ing the by-pass valve M. On the | 
next stroke the fluid will not be \| ( 
discharged through the nozzle, but / ) 0) 
will rise to the extreme top of the ; | | 
tube and discharge through the Why 4 
hollow rubber bumper. The dis- | 
charge will be delivered by way of All| M 
the by-pass R into the discharge 
manifold. The plunger will follow 
the fluid the full distance to the top 
and will stop with the upper end 
pressed against the rubber bumper, 
in which position it is held by the 
gas pressure from below. The trap 
valve C of the plunger is then 
closed. The by-pass valve M is also 
closed and the cap may be un- 
screwed from the bumper housing 
at A, and the bumper and plunger 
fished out with a hook. 

When a new plunger is inserted, 
it is lowered into the tubing until it 
rests on the gate of the plunger trap 
valve, after which the bumper parts 
are reassembled. The trap valve is 
then opened slowly and, as the gate 
slides out from under the plunger, 
the plunger valve is first permitted 
to drop open and then the plunger 
is released to fall to the bottom of 
the tube. 

If for any reason the plunger 
sticks in the tubing with the valve 
open, it is impossible to apply gas 
pressure to force it loose since the 
flow of gas through the open valve 
will not cause it to close. In such 
a case, a small tear-drop-shaped 
fishing tool 7 shown in Fig. 1 is 
dropped into the tubing and wedges 
tightly into the bore of the plunger 
sleeve. The gas pressure can then 
be applied to blow the plunger loose. 
The place at which the plunger is 
stuck can be approximated by 
timing the fall of the fishing Fic. 2. SEcTionaL VIEW 
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In case the plunger lift has been in operation, and it is known 
that the mechanical clearance in the tubing will pass the plunger 
and it is suspected that the stoppage is due to paraffin, it is usually 
desirable to put gas down the tubing and force the plunger to 
bottom. The gas connections are then reversed to bring the 
plunger back to the top where it can be removed and a clean 
plunger inserted with little loss of time, and usually with no loss 
of production. The input and discharge manifolds are so ar- 
ranged that gas can be introduced either into the tubing or into 
the casing, and liquid drawn off from the well either from casing 
or tubing merely by opening or closing the appropriate valves. 

Fach unit is equipped with a two-pen pressure recorder, one 
pen reading casing pressure and the other pen tubing pressure 
between the flow head and the regulating bean in the discharge 
manifold G. In most cases the casing pen records a rather 
uniform pressure, while the tubing pen shows a fluctuation at 
each stroke. The variation in pressure depends largely on the 
amount of fluid lifted per stroke. 


OPERATION OF THE EQUIPMENT 


The plunger lift is intended to supplement gas-lift operations, 
its use being indicated when the performance of the well has de- 
clined to a point where gas lift is no longer economical. The sole 
reason for employing the plunger is to prevent slippage of the 
gas past the oil in the tubing, thereby making it possible to raise 
a relatively small load, at a comparatively low velocity, the full 
distance to the surface. Lifting pressure then becomes independ- 
ent of depth, but depends only on the size of the slug of fluid 
lifted each stroke, the diameter of the tubing, and the speed with 
which the load is raised. As is well known, the diameter of the 
flow tubing should be altered in a straight gas lift as the capacity 
of the well declines in order to maintain the proper velocity and 
avoid excessive by-passing of gas. A similar result is accom- 
plished automatically with the plunger lift, since the load lifted 
becomes smaller as the production of the well declines with a 
corresponding reduction in operating pressure. 

In making an installation in a new well it is desirable first to 
collect all of the data available such as well capacity, bottom hole 
pressure, pumping level, and gas-oil ratio. The lower half of the 
flow-head is then installed on the casing and the plunger-lift 
tubing is run shortly below that point at which it is estimated 
the pumping level will stand. The nozzle and flow-head bowl are 
then attached to the string and lowered in place after which the 
bonnet bolts are installed. 

When surface connections are completed, gas is turned into 
the input manifold. This raises the casing pressure but does not 
at first affect the tubing pressure. When the fluid is displaced 
from between the tubing and casing, the gas begins to escape 
through the tubing, a slight rise in tubing pressure will be indi- 
cated on the gage. The difference between casing and tubing 
pressure is a rough measure of the quantity of oil in the tubing 
above the footpiece. A plunger is then dropped as previously 
described, and operation begins. As production proceeds there 
wil) usually be a decrease in casing pressure caused by the 
lowering of the level of fluid in the well, which in turn reduces 
the length of the column of fluid raised with each stroke of the 
plunger. Should these slugs become unduly short, or the pro- 
duction be less than expected after the pressures have flattened 
out and remained constant, a guess is then made at how much 
deeper to set the tubing to secure the desired operation. It is 
better, in general, to make the first setting too high as equipment 
is more readily started, and information regarding well character- 
isties' is more rapidly secured, than would be the case were the 
initial setting too deep. 

The extent to which fluid level will vary between the headed-up 
condition and the pumping level at a given production rate varies 


PME-58-1 363 


enormously in different wells, being dependent primarily on for- 
mation pressure and sand porosity, and therefore in part related 
to well capacity. In other words, where the formation is very 
porous, the well will make large quantities of fluid for a relative 
small differential from formation to bore, and pumping at any 
practical rate will lower the fluid level by a relatively small 
amount. On the other hand, in exceedingly tight sands the 
headed-up level may stand 3000 to 4000 ft above the bottom of 
the hole, and yet when pumped down to the bottom, the well may 
yield only a few barrels of oil per day. In wells of this latter 
type, the starting of a plunger-lift unit offers some difficulties 
and the most satisfactory arrangement in any particular instance 
depends largely on local conditions. To date, the various meth- 
ods of starting the operation of the plunger lift are: First, the 
use of high-pressure gas; second, so-called “kick-off” or starting 
collars with relatively low-pressure gas; third, the use of simple 
perforated collars appropriately spaced and used mainly where, 
due to proration, the normal operation is intermittent; and 
fourth, swabbing. 

In districts where high-pressure gas is available, say 1000 to 
1500 lb per sq in., gas is simply introduced into the casing and 
the pressure built up until the oil is al] displaced from the casing 
into the tubing. When gas breaks through at the footpiece, the 
tubing is violently unloaded by gas-lift operation. The per- 
formance is controlled by properly choking the flow with the 
bean in the discharge manifold G. In some districts, notably 
Oklahoma City, “kick-off,” or starting the plunger lift, is ac- 
complished by first introducing high-pressure gas into the tubing 
and unloading as much of the fluid as possible through the casing 
space after which the gas connections are reversed to put the gas 
into the casing and discharge the balance of the fluid through the 
tubing. This arrangement enables “kick-off” to be accomplished 
with a lower maximum pressure since the area of the annular 
space between the tubing and casing is in the average case several 
times as great as the area of the tubing cross section. Conse- 
quently, as the fluid level in the tubing is depressed by the in- 
creased gas pressure, only a small rise in level in the casing space 
occurs, whereas if gas is introduced into the casing, the level in the 
tubing will rise five or ten times as high as the level in the casing 
is depressed, resulting in a much higher initial pressure before a 
point is reached where gas can break under the footpiece. This 
arrangement is probably the most simple and satisfactory where 
high-pressure gas is available either from compressor stations or 
from other wells. Once the accumulated fluid has been dis- 
charged, plunger operation is started as described previously. 

As soon as the well has settled down to uniform operation, a 
check should be made of the average rising and falling velocities 
of the plunger since these quantities are an indication of whether 
or not the proper amount of input gas is being supplied. Ex- 
perience indicates that the average falling velocity should be 
from two to three times the rising velocity. If the falling velocity 
is less than the rising velocity, the input gas supply should be de- 
creased, or in the case of a unit running on well gas, some gas 
should be drawn off from the casing and by-passed around the 
plunger lift into the separator. This is necessary since the use of 
excess gas results in undue friction losses and increased operating 
pressure with a consequent loss of production in wells which are 
sensitive to back pressure. On the other hand, if input gas is 
insufficient, rising velocity will be too slow and gas will by-pass 
the plunger, thus causing the valve to drop open. The plunger 
will then return to the bottom of the tube without completing the 
discharge stroke and the well will again head up. This sounds 
somewhat complicated, but on the contrary does not require any 
particular skill. The principal point to bear in mind is that suf- 
ficient time should elapse after a change in adjustment is made to 
allow the equipment to steady down and equilibrium to be 
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reached. If changes in the adjustment are made every few 
minutes the true effect is never observed because of the lag in 
performance. 

The plunger lift is well adapted to handle sand in considerable 
quantity, not only because the initial fits are so loose that wear 
due to the presence of abrasive has no perceptible effect. on per- 
formance, but also because the entire content of the tubing is 
discharged each stroke. Hence there is no place in the equipment 
where sand can settle out and plug the tube. As the charge of 


Fic. 3. PeRFORMANCE CHART OF PLUNGER LIFT INSTALLED ON A 
WELL or INTERMEDJATE SIZE 


(Size of tubing = 2.5 in. Depth of well = 3975 ft. Depth of footpiece 

= 3959 ft. Production = 130 bbl per day. Input gas-fluid ratio = 0. 

Total gas-fluid ratio = 870 cu ft per bbl. Strokes per day = 146. Maxi- 

mum casing pressure = 75 lb per sq in. Minimum casing pressure = 75 

Ib per sq in. Maximum tubing pressure = 55 lb per sq in. Minimum 
tubing pressure = 2 lb rer sq in.) 


fluid containing sand is raised from the bottom it is stirred 
violently by turbulence due to its passage up the tubing. This 
keeps the sand in suspension during the rising stroke. The small 
amount of fluid which fills the hollow shell of the plunger is not 
subjected to this stirring action. Hence, it is desirable, where 
unusually bad sand conditions are present, to file three or four 
nicks across the valve seat, thereby allowing a constant leakage 
of gas during the rising stroke to stir the fluid within the sleeve 
so that this sand likewise will be kept in suspension. When the 
load is discharged at the top, the blast of exhaust gas following the 
fluid effectively blows the equipment clean of sand and the opera- 
tion is repeated. Where the pumping level is some distance 
above the bottom, the well itself offers a pocket in which sand 
can collect. This occurs because the velocity of flow in the casing 
is much less than that in the tubing, and sand can therefore settle 
out more readily. In cases where the footpiece is a considerable 
distance above the bottom of the hole, it has been found desirable 
to install a string of common tubing, of such length as to extend 
from the footpiece nearly to the bottom of the well. The tub- 
ing, which has a strainer at each end, is called a “drop pipe” 
and has the effect of increasing flow velocity to a point sufficient 
to float the sand into the plunger-lift tubing where it can be picked 
up by the plunger and discharged from the hole. A small hole is 
provided in the collar immediately under the cushion seat to allow 
gas to pass from the casing space into the tubing without going 
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down to the bottom of the drop pipe, which otherwise would 
unduly increase the casing pressure. 

Paraffin at first presented considerable difficulty since the 
plunger-lift cycle offers the maximum opportunity for paraffin 
to collect. This collection of paraffin takes place because the 
tubing wall is intermittently flooded with fluid and then cooled 
by the expansion of the discharging gas. Continuous operation 
was secured on one unit by preheating the input gas, the minimum 
and maximum effective temperatures being 120 F and 480 F, 
respectively. While this arrangement secured satisfactory 
plunger-lift performance, it was felt that the use of gas preheaters 
with the attendant danger of fire was rather undesirable. There- 
fore, determined efforts were made to develop a plunger which 
would scrape the paraffin from the wall and keep the bore of the 
tubing open. Over thirty designs were built and tested before 
the satisfactory plunger shown in Fig. 2 was developed. This 
plunger has proved to be a reasonably successful solution to this 
problem. Where excessive amounts of paraffin are deposited, 
small flakes are scraped off by the sharp-edged rings on the plunger 
body and find their way through the holes drilled in the upper 
end of the body and are discharged with the fluid load. In 
cases where the paraffin is rather soft and sticky, small slugs about 
the size of a peanut are pushed through the holes into the plunger 
body and are discharged with the fluid. In paraffin territories, 
it is not unusual for the lift to stop about two days after it is first 
started. When this occurs, the tear-drop fishing tool 7’ shown in 
Fig. 1 is dropped in the tubing to close the bore of the plunger. 
Gas is then introduced into the tubing and the plunger is forced 
to bottom. When the plunger is heard to strike the cushion seat, 
the gas flow is reversed and the plunger is driven back to the sur- 
face. It is then removed and cleaned of paraffin, usually by 
warming with either a gas flame or preferably a steam jet. A 
second stoppage usually occurs about the fifth day of operation 
and is corrected in the same way, after which time the stoppages 
then become rather infrequent provided there is no failure in 
input gas. 

The chart shown in Fig. 3 illustrates the performance of the 
plunger lift on a well of intermediate size and gives some indi- 
cation of the surprising regularity of the operation of the plunger 
lift. Considering the fact that well characteristics govern the 
operation of this device, and that we have to deal not with the 
steady state but an intermittent process consisting of a series of 
transients, it is, to say the least, surprising that the strokes are 
so uniform not only in regard to time spacing but in respect to 
the amount of fluid lifted, which in turn is reflected in maximum 
tubing pressure. 

A series of these charts provides a connected and valuable 
picture of changes in well characteristics. In addition, test data 
should be taken periodically and recorded systematically as a 
further aid to the interpretation of chart records. A form that 
has proved quite useful for this purpose has been developed. 


THEORY OF THE PLUNGER LIFT 


Unfortunately the complete mathematical theory of this ap- 
parently simple device has not been solved, the difficulty being 
that we are dealing with transients in hydraulics and pneumatics 
where even the steady state is. sufficiently involved and where 
effects are not simply related to cause. Moreover, the practical 
problem does not merely involve the performance of the plunger 
lift under certain assigned conditions but rather the result of 
combining plunger-lift characteristics with well characteristics 
since it is the fluid furnished by the well which controls the opera- 
tion of the lift. As an illustration, Fig. 4 shows the general shape 
of a curve giving plunger-lift capacity in terms of barrels per day 
versus operating (net-casing) pressure, and to the same scale an 
assumed well characteristic curve in terms of barrels per day 
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versus bottom hole pressure. Note that where the tubing is 
set close to bottom, the casing pressure as read at the surface 
together with a correction for the weight of gas in the casing is a 
direct measure of bottom hole pressure. Therefore, in wells 
which are reasonably sensitive to surface back pressure, a study of 
well characteristics can be made readily with this equipment 
at very little increased expense, and with a considerable certainty 
that equilibrium conditions have been established. It is apparent 
from a consideration of Fig. 4 that performance of a plunger-lift 
unit in such a well as predicted will be as indicated by the inter- 
section of the two curves, since at that point the corrected casing 
pressure at which the unit operates is equal to the bottom hole 
pressure at which the well will produce the quantity of fluid which 
the unit is capable of handling at that pressure. While this is 
more or less interesting from an analytical point of view, it is at 
present of no particular practical value since the production 
characteristics of the well are not accurately known in advance 
and neither are quantitative characteristic curves for lift per- 
formance available. 

The curves shown in Figs. 5 and 6 are somewhat more useful 
inasmuch as they indicate general characteristics of the lift to 
some extent, although the actual numerical values will be found 
to vary considerably from well to well. Fig. 5 shows the amount 
of gas required to fill a string of tubing of the lengths indicated 
to a pressure sufficient to support the weight of various amounts 
of fluid picked up each stroke. The ordinates are computed in 
terms of cubic feet of free gas per barrel of fluid and the abscissas 
in terms of feet of fluid picked up per stroke. The curves would 
apply to only one particular size of tubing although their general 
shape would remain the same for all sizes. No account is taken 
in these curves of the gas discharged from the casing to the tubing 
while the plunger is falling, which in the actual case makes the 
total gas-oil ratio figures higher than indicated in Fig. 5. Note 
that as the pickup becomes very small, the gas-oil ratio in- 
creases with great rapidity due to the fact that at zero pickup 
the entire string of tubing must still be filled with gas at a gage 
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per bbl, the pickup will decrease to 40 ft. In other words, the 
pickup will automatically adjust itself to use the gas supplied, 
providing sufficient gas is available to raise the plunger at a rate 
high enough to prevent leakage. 

Fig. 6 illustrates the variation of lift capacity with operating 
pressure. Here again the figures are based on equipment of a 
certain size set at a given depth, and are offered merely to show 
the general shape of the curve since the actual values vary widely 


in practice. Attention is called to the fact that the abscissas 
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is at first somewhat disconcerting until it is noted that in the 
general case it is the power that is required to raise the fluid that 
is of importance, the gas being used merely to permit the compres- 
sor piston to push on the plunger, and to cause the plunger to be 
recycled again and again. Further reference will be made to this 
situation later in the paper. Note also from the shape of the 
curves in Fig. 5 that the equipment is inherently stable, that is, 
suppose in a particular installation a unit is operating at 3000 
ft and picking up 100 ft of fluid per stroke, the curve indicates 750 
cu ft of gas per bbl is required. If gas is increased to 1000 cu ft 
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are plotted in terms of barrels per stroke pickup whereas the 
parameter of this family of curves is operating pressure. The 
variable not shown on the diagram is gas-oil ratio, and the line of 
thought suggested by the graph is somewhat as follows: For each 
lifting pressure there is a certain maximum production rate ob- 
tainable. If more strokes per day are made, rising velocities 
must necessarily increase and a greater proportion of the lifting 
pressure will go to overcome friction with the result that there 
will be a net decrease of production due to a disproportionate 
reduction in pickup in spite of the increased number of strokes. 
The pressure difference required to overcome friction varies 
approximately as the cube of the plunger velocity so that there 
is a more or less definite upper limit beyond which it is not prac- 
ticable to operate. If, on the other hand, larger loads were picked 
up to use as much as possible of the operating pressure in lifting 
deadweight and to reduce the friction losses to a minimum, there 
is again a decline in production due to the reduced number of 
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strokes per day which can be made. This is due partly to the 
increased time required for the rising stroke at the slower velocity 
and partly to the increased time required for the plunger to sink 
to the bottom of the tube through the larger accumulated load of 
fluid. The curves in Fig. 6 are also of only passing interest since 
for the present no definite figures can be given for capacity of any 
size lift. This is due partly to the lack of a complete mathe- 
matical theory and largely to variation in well characteristics. 
There are three possible methods of operation for the lift, 
each of which offers certain theoretical advantages. Two of these 
methods have not yet been tried out on a sufficient scale to permit 
a rational choice in any particular case. The most commonly 
used method of control is the so-called “choke” control. In this 
system a constant supply of input gas at a uniform pressure is 
introduced into the casing by means of the flow bean on the input 
manifold. The discharge-manifold bean is then set at a point 
determined by experiment, and the by-pass valve M shown in 
Fig. 1 is closed, thereby forcing all fluid and gas discharged from 
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the unit to pass through the discharge bean. The setting of this 
bean is determined by the requirement that the discharge of gas 
following the fluid must be held down to a value which will per- 
mit the plunger to fall back to the bottom of the tube. In some 
installations, and particularly with the smaller sizes of tubing, 
it is impossible to operate without this choking because the plunger 
will otherwise discharge its load of fluid, start back to bottom, 
fall some distance before the fluid is discharged from the end of 
the flow line, and then, supported by gas friction caused by the 
sudden rush of gas resulting when the flow line is emptied of 
fluid, it will be blown at very high velocity back to the surface 
with the valve open. When it reaches the surface it will be 
thrown with considerable force against the bumper at the top of 
the stack, and if it is not forced completely through the rubber it 
will stick in the rubber, in either case preventing further opera- 
tion. Note that while the setting of this choke is controlled by 
gas-flow requirements, it also operates to choke the slug of fluid 
discharged with a consequent reduction in the number of possible 
strokes per day. 

To avoid this effect, a cycle was devised whereby an automatic 
valve installed in the discharge manifold would remain wide 
open until the fluid passed. The valve would then close and hold 
the gas in the tubing until the plunger had practically reached the 
bottom of the tube, after which it would open wide again and 
release the gas rapidly. Strange as it may seem, this form of 
operation results in a lower casing pressure and increased produc- 
tion in spite of the fact that the tubing is “closed in” a considerable 


part of the time. This result is obtained because the plunger falls 
to the bottom much more rapidly through still gas and because, 
for a given load and with a given casing pressure, it will rise 
more rapidly. The rapid rise of the plunger is due to the elimina- 
tion of a certain amount of back pressure in the gas above the 
load, this partial elimination of back pressure being effected by 
the method of choke control employed. Since the plunger rises 
more rapidly in this case, more strokes per day can be made 
with a higher average velocity at a lower operating pressure. 
More or less difficulty has been experienced with various types of 
valves built to carry out this cycle because of the presence of sand 
in the fluids handled. The sand interferes in time with proper 
valve action and numerous attempts have been made to accom- 
plish the same results without the use of moving parts. One 
in particular, which seems to offer some promise, consists of a 
large tank set relatively close to the flow head and arranged so 
that the entire charge from each stroke can be dumped into that 
tank without restriction and that both fluid and gas can be drawn 
off from the bottom of the tank through a regulating valve. The 
choking affect on the fluid passing the valve prolongs the time of 
discharge and prevents the escape of gas for a considerable period, 
during which period the plunger is falling to the bottom of the 
tube. Some fairly satisfactory results are being secured with this 
equipment, but here again sufficient trials have not yet been made 
to say definitely how much improvement can be expected. 
There is some indication that an increase of production can be 
secured at a reduced operating pressure. 

There is a third possible method of operating the lift, which 
at first sight seems to be the most logical. In this method the 
plunger, after it has discharged its load of fluid at the surface, is 
retained long enough for the violent gas blast to die down. As 
soon as the gas blast dies down, the plunger is released. It 
would seem that this form of operation would certainly result in 
the lowest average operating pressure, but preliminary results to 
date have not indicated that this is the case although work is 
still being conducted along these lines. 

Of more immediate interest is the general cyele on which a 
complete installation consisting of wells, gatbering lines, com- 
pressor station and feeder lines are operated. Consideration of 
the physics of the apparatus will immediately suggest that, for the 
most efficient performance, a weightless incompressible fluid is 
required to push the plunger to the surface. Lacking such a 
medium, the next best solution is to compress a gas up to the 
pressure required to raise the load, lifting the load at substantially 
constant pressure and then allowing the gas to expand down to 
the back pressure so that the operation may be repeated. It is 
apparent that when a small load is picked up in a deep hole, no 
appreciable use is made of the expansive power of the gas and 
that consequently the work of compression is wasted. While at 
first sight this is quite disappointing, it must be remembered 
that the question of mechanical efficiency is of interest primarily 
in so far as it affects investment and operating costs, and that the 
factor of prime importance is the overall lifting cost. It was for 
this reason that development work was continued in the face of 
this apparently unfavorable cycle efficiency. There were indi- 
cations that the savings to be effected from reduced maintenance 
and down time, would far outweigh a moderate increase in 
power expense, if any. 

The overall cycle is most readily examined if charted in the 
same manner as the air card for reciprocating engines. Fig. 7 
illustrates such a chart working between atmospheric pressure 
and 50 Ib per sq in. gage with no allowance made for line leakage 
or friction losses. Starting with a volume of gas Vo at atmospheric 
pressure we compress it up to the operating pressure along curve 
A where the final volume is V;. That gas is then delivered into 
the well casing and, as it cools down, it shrinks to the volume V2 
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indicated on curve B. As the gas is introduced it displaces the 
plunger with its load at constant pressure and does useful work 
as indicated by the cross-hatched area in Fig. 7. When the 
plunger reaches the surface, the gas is exhausted at constant 
volume, returned to the compressor station and the ecyele is 
repeated. Referring to Fig. 7 the total work done is obviously 
represented by the area under the curve VoABPP,, while the 
useful work is the area BPP V;. The ratio of these areas is 
obviously the cycle efficiency which measures mechanically 
perfect. performance, and which can be approached but not at- 
tained in practice. The curve for cycle efficiency, also shown in 
Fig. 7, has been computed on the basis just described and indi- 
cates a maximum cycle efficiency of 44 per cent when operating 
from atmospheric pressure to 50 Ib per sq in. gage. It is at once 
apparent that cycle efficiency is a function of compression ratio, 
and hence it is desirable to design field installations to keep the 
ratio of compression as low as possible, not only because of the 
saving in power but also because of the reduced capital cost of 
compressor plants. In other words, the plunger and its load 
are lifted by a given difference of pressure, whereas the energy 
supply required is a function of the ratio of the absolute pressures 
involved. In the practical case this means that the system must 
be designed to operate with as high a minimum tubing pressure 
(which corresponds to compressor suction pressure) as satis- 
factory production performance will permit since increase of the 
suction pressure for a given discharge pressure results in a very 
rapid decrease in compression ratio. This decrease is consider- 
able even where the discharge pressure is raised by the same 
amount that suction pressure is increased. 

Proration has introduced a further problem into the operation 
of plunger lifts in districts where relatively high formation pres- 
sures and tight sands exist, since the operation is necessarily 
discontinuous, that is, the well must be shut down each day as 
soon as it has produced its allowable quantity of oil. This in- 
volves “kicking off” the well every day, which, in the absence of 
high-pressure gas, is often a lengthy and expensive process. To 
meet this condition, a variation in the plunger-lift cycle was 
devised which after six-months’ operation has proved to be very 
satisfactory. The tubing was set in these wells at a point suf- 
ficiently below the fluid level where the casing contained enough 
oil down to the bottom of the tubing to exceed the daily allow- 
able production. Starting 250 ft from the bottom of the tubing, 
a '/-in. hole was drilled through six tubing collars spaced 250 
ft apart. The well was then allowed to fill up with oil. The 
following day gas at about 175 lb per sq in. was turned on the 
casing and the well started gas lifting with the plunger on bottom. 
The flow of fluid floated the plunger off bottom and carried it up 
past the first perforated collar which was taking gas. From that 
point a true plunger stroke followed, bringing up a rather large 
amount of oil with a pressure under the plunger of over 100 Ib 
per sq in. A sharp drop in tubing pressure resulting from the 
exhaust of this gas caused the tubing to again fill rapidly with oil. 
Because of this filling the gas lift through the perforated collars 
could operate efficiently, thus avoiding any thinning out of the 
oil column to a point where large amounts of gas could by-pass 
the oil. Under these conditions, the allowable oil production 
was delivered in less than two hours. The well was then shut 
down until the following day when the operation was repeated. 
Two advantages are secured by using the plunger in such wells: 
the first is that the tubing is kept open, even in the presence of 
paraffin, and second, the tubing is relatively full of fluid thereby 
securing efficient gas-lift operation. 

Furthermore, the high formation pressure is allowed to raise 
the oil a good part of the distance toward the surface, thereby 
reducing the external work required to deliver it to the tanks 
on the surface. 
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FieLtp INSTALLATIONS 

The first plunger-lift unit was installed in a water well during 
1927 for the purpose of obtaining technical data which could be 
used to predict performance and to act as a guide regulating future 
installations in oil wells. The principle of operation was identical 
with that of the present unit shown in Fig. 1, although there were 
some minor mechanical differences. While this work was under 
way the thought was advanced by a number of production people 
that the pressure carried on the casing of the well to operate the 
lift would inevitably result in forcing fluid away from the well 
to the advantage of offset leases using conventional lifting equip- 
ment. To meet this difficulty a unit was developed using double- 
tube pipe. The gas was introduced between the two strings of 
tubing and the casing head was left open to atmosphere. 

The first double-tube unit was tested in southern Texas during 
May, June, and July, 1929, in a well producing about 600 bbl of 
salt water and 15 bbl of oil per day. The operation of this unit 
varied somewhat from that of the single-tube unit in that air was 
alternately turned on and turned off each stroke by an automatic 
valve at the surface. This valve was controlled by variations in 
gas pressure caused by changes in the fluid level in the well. 
There was no available gas supply in this field and therefore it 
was necessary to use compressed air. The only information of 
any practical value secured from this test was to the effect that 
the use of compressed air in wells delivering a large amount of 
salt water had a very detrimental affect on the tubing and other 
steel members in the well. Inasmuch as it seemed probable that 
these difficulties would be avoided by the use of gas, it was de- 
cided to move the equipment to northern Texas, where gas was 
available. This was done in preference to making an attempt 
to develop a source of gas supply at the original location. 

The second field installation was also a double-tube unit. It 
was installed in the Texas Panhandle in May, 1930, and was 
operated through September 4, 1930. It was necessary to pre- 
heat the gas in this installation to avoid paraffin stoppages and, 
when running with warm gas, the unit performed in a very 
consistent manner. However, it was concluded finally that the 
great weight and expense of the double-tube string and the at- 
tendant difficulties of installation justified a thorough field trial 
of the single-string equipment to determine just how detrimental 
the pressure on the casing would be. 

The third field installation of the plunger lift was made ac- 
cordingly in western Texas in a well that for some time had been 
producing oil at the rate of 180 bbl per day with a gas-oil ratio 
of 2140 cu ft per bbl by means of arod pump. A 3-in. single-tube 
plunger lift following the beam of the rod pump produced 218 
bbl per day with a gas-oil ratio of 1390 cu ft per bbl, and a casing 
pressure of 60 lb per sq in. It was not necessary to introduce 
gas at the casing head since the gas supplied by the well was 
ample to operate the lift. A great deal of trouble was experienced, 
however, with paraffin stoppages which were later corrected by a 
change in plunger design. This plunger, however, proved un- 
successful in other districts and was later discarded in favor of 
the design shown in Fig. 2. Since the lift produced more fluid 
than could be secured with the rod pump previously employed, 
it was felt that a further investigation should be made of the 
characteristics of the single-tube unit. Hence, a second instal- 
lation was made in western Texas. This unit operated in a very 
satisfactory manner, producing nearly 50 per cent more fluid 
than had been secured previously by gas lifting with perforated 
collars. The lifting cost was somewhat less than 1 cent per barrel. 

It was then decided that an attempt should be made to secure 
a group installation, preferably covering an entire lease so that 
lease figures would represent the average lifting cost with this 
equipment. Such a lease was secured finally on the basis that 
there should first be run a competitive test against standard rig 
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equipment in an old well to be selected by the company in ques- 
tion. This test was made in central Louisiana. The plunger 
lift produced approximately twice as much oil as could be raised 
with rod pumps in this particular well, this being the case in 
spite of the fact that the well produced 96 per cent water and had 
been operated by a rod pump about 11 yr. This test was con- 
tinued for several months and as resuits were uniformly favorable 
to the plunger lift, the first unit of the group installation on a 
lease in southwestern Texas was made in March, 1932. A total 
of 16 units were eventually installed. Performance of these units 
during the past four years has amply demonstrated the magni- 
tude of the saving to be made through reduced maintenance ex- 


Fic. 8 A 4In. Piuncer-Lirr Unit Operating at 6500 Fr In 
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pense by the use of this equipment. 
The direct lifting cost has averaged 
about one fourth that on offset leases 
using rod pumps. 

During this period a number of 
other installations were made in various 
fields in Texas for the purpose of se- 
curing a greater spread of experience 
in wells of various types. As indicated 
previously the paraffin-scraping plun- 
gers, which were successful in western 
Texas, proved to be of no benefit in 
eastern Texas, and after a long develop- 
ment period, a design was finally pro- 
duced which would handle the rather 
severe paraffin conditions encountered 
in that field. A group installation of 18 
wells was then started. In the mean- 
time 20 units, the majority of them 
using 4in. tubing were shipped to 
Venezuela and installed and started 
by the customer without any serious 
difficulty. 

Up to the present time approxi- 
mately 250 units have been installed 
both in the United States and abroad, 
with quite satisfactory results. 


Figs. 8 and 9 are typical views of plunger-lift installations. 
ABANDONMENT 


Selection of pumping equipment for a given property involves 
the consideration of a complicated set of factors. Low lifting 
cost consistent with maximum ultimate recovery is the principal 
objective, which may, however, be qualified where competitive 
offsetting exists to require also a maximum production rate. 
This latter factor explains the frequency with which the following 
question is asked about any new pumping equipment: “Will it 
get all the oil?” 

Maximum production rate is obviously to be secured in the 
average case by maintaining zero bottom hole pressure, which 
cannot be accomplished by any deep-well pumping equipment 
now available. The practical interpretation of this question is 
“will the plunger lift produce as much fluid as can be handled 
with rod pumps at the same setting?’ This question is raised 


TABLE 1 COMPARISON OF PLUNGER-LIFT AND ROD-PUMP 
OPERATION 


Plunger lift— 
Casing 

Well Depthof Barrels Barrels Depthof pressure, Tube 

no. setting, ft per day per day setting, ft lb/sq in. size, in. 


Rod pump-——~ 


1 6457 74 130 6463 70 4.0 
2 6506 140 200 6494 77 4.0 
3 3 180 218 2970 60 3.0 
4 1524 152 265 1119 62 2.5 
5 1200 290 354 1176 240 2.5 
6 2975 120 2100 7506 2.5 
6° 2975 60 189 2100 105 2.5 
7 3 43 53 3585 37 2.5 
7 2350 0 37 2330 25 2.5 
8 6400 102 6462 126 2.5 
9 5460 360 400 4009 325 2.5 
10 5150 100 110 5164 216 2.5 
11 5100 139 5164 143 2.5 
12 4246 143 213 4275 112 3.0 
13 6436 164 147 6436 190 3.0 
14 6522 55 46 6473 65 2.5 
15 63 92 61 6300 4.0 
16 4167 105 10 4171 5 3.0 


* The use of input gas increased the production of this well from 120 bb 
per day to 189 bbl per day. : 

+ Flowing with 120-lb tubing pee against '/;-in. choke. Plunger made 
only one trip on day when well headed up. Plunger was operating on for- 
mation gas only. 
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naturally by the fact that the plunger lift operates with the casing 
head closed and under pressure, whereas rod pumps may operate 
with a vacuum on the casing. This question cannot be answered 
categorically in the absence of reliable data on the bottom 
hole pressures commonly maintained with rod pumps at various 
production rates, but can be determined by competitive tests 
of both types of equipment under corresponding conditions. 
Many such comparisons have been made with some rather sur- 
prising results as indicated in Table 1. It is apparent from the 
values in Table 1 that the bottom hole pressure maintained 
by the plunger lift in the majority of the wells listed was lower 
than that maintained by the rod pumps and that this took place 
with a consequent increase in production rate, regardless of the 
extent to which our common sense rebels against this conclusion. 

While it is yet too early to draw any sweeping conclusions, the 
following analysis is offered as a probable explanation of the re- 
sults obtained in these experiments. Regardless of the initial 
underground condition at the time of discovery, it is fairly cer- 
tain that at some stage in the history of the development of a 
property all the fluids present will be saturated with gas due to 
progressive lowering of formation pressure as the field is produced. 
To move a given unit of fluid from the sand body into a well 
requires a bottom hole pressure in the well lower than the forma- 
tion pressure. As the fluid moves to the well some gas will be 
released from solution since at the lower pressure the fluids, 
initially saturated, become supersaturated. 

It is probable that the gas released at this stage can be trapped 
with a suitable gas anchor and will not result in any particular 
pumping problem. On the other hand, a pressure in the barrel 
lower than that in the bottom of the well is required to get the 
fluid into the pump barrel, with the result that an additional 
volume of gas is released in the barrel. During the suction stroke 
of the pump the barrel is only partly filled with fluid and the 
Increasing the dis- 


volumetric efficiency is sharply decreased. 
placement of the pump by speeding up or lengthening the stroke 
increases the pressure drop through the standing valve and re- 


leases more gas with little or no increase of fluid handled. It is 
thought that it is this factor which enables the plunger lift to 
give a better performance than the rod pumps in so many cases, 
since there is obviously no tendency for the lift to become “gas 
locked.” 

In connection with this line of reasoning, consider the relative 
performance of the rod pump and lift in well No. 4 listed in Table 
1. The rod of the pump was set at 1524 ft and produced 152 
bbl of fluid per day of which 96 per cent was salt water. The 
rod pump “pumped off,” that is pounded fluid. The plunger 
lift was set 400 ft higher in the hole and picked up 200 ft of fluid 
per stroke giving a production almost twice that of the rod pump. 
It follows that the pumping level during rod-pump production 
was in excess of 600 ft above the pump barrel and yet the rods 
apparently pounded fluid. The only reasonable explanation 
which suggests itself is that gas lock occurs in spite of the fact 
that the fluid is 96 per cent salt water. In well No. 7 the plunger 
lift was set at the bottom and produced 25 per cent more than the 
rod pump. At the 2300-ft level, the rod pump produced nothing 
while the plunger lift produced 35 bbl per day. Here the fluid was 
70 per cent salt water. 

On the other hand, take the last comparison in Table 1 where 
the rod pump outperformed the lift ten for one. Formation 
pressure had declined to the extremely low figure of 8 lb per sq in., 
so that only a small amount of gas was in solution. The well had 
no screen and a large cavity existed in the sand at the bottom of 
the hole. This cavity offered an enormous surface for drainage 
into the well so that large amounts of fluid would enter under very 
small pressure differentials. At the same time this cavity pro- 
vided a most effective gas trap to insure the delivery of “dead” 
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fluid to the rod pump. Inasmuch as the plunger lift was limited 
to a casing pressure below formation pressure, it could produce 
only a small proportion of the fluid handled by rod pump. Had 
it been practical to use a plunger about 10 in. in diameter in this 
well, the plunger lift could have produced at a rate comparable 
with the rod pump, but obviously that was not feasible. It is 
possible, however, to devise a lift footpiece for use in conjunc- 
tion with the plunger lift that will permit the handling of fair 
quantities of fluid in wells where the pressure is abnormally low. 
Such a device is now undergoing field development, with some 
encouraging results. 

To summarize, where sands are relatively tight, requiring high- 
pressure gradients for relatively small production, it is obvious 
that the plunger lift will perform throughout the life of the well 
at available maximum well capacity. For instance, a well pro- 
ducing under 30 bbl per day with a lifting pressure of 20 lb per 
sq in. and a formation pressure of 1200 lb per sq in. cannot pro- 
duce a measurably greater amount regardless of the method of 
pumping. Under such conditions the plunger lift will carry the 
property down to a lower end point than will a rod pump, since 
the lower lifting cost will permit profitable operation at production 
rates below the point where production costs with rod pumps equal 
the selling price of the oil. 

Where sands are relatively porous, the plunger lift may still, 
on the average, give a better performance than the rod pump 
because of gas locking in the working barrel. Here also the 
plunger lift will show a lower lifting cost and consequently larger 
margin of profit than the rod pump. 

It is probably true that any changes that take place in the sand 
during the pumping life of the well will be in the direction of de- 
creased permeability (aside from artificial operations as shooting 
or acidizing). It is also the fact that the plunger lift will make 
more strokes per day in a small well than in a large well at the 
same depth which, with proper gas regulation, results in a greater 
production per pound of casing pressure as the wells get smaller. 
From these two considerations, it follows that the performance 
of the plunger lift, in terms of per cent of fluid produced as com- 
pared with maximum theoretical possibility, should never be 
lower than that figure attained when the lift is first installed. 
It will only be lower compared with rod performance where pres- 
sures go down to extremely low figures, providing there are no 
gas-lock difficulties, and where special underground conditions 
permit large fluid production at small pressure differentials. 

It is apparent from the foregoing that the principal factor 
governing the relative performance of the plunger lift is the pro- 
ductivity factor of the well, as is the case with any type of pump. 

Where this factor is low, say 0.1 bbl per day per pound of dif- 
ferential pressure across the sand, the lift will handle al] the oil 
the well is capable of producing. 

Where this factor is moderately large, say 1 bbl per day per 
pound of differential pressure, then the actual fluid produced with 
the lift may be less than the maximum theoretically possible by 
50 bbl per day, assuming a bottom hole producing pressure of 50 
lb per sq in. Attention is again called to the fact that due to 
gas lock, a reciprocating pump may fail to produce the maximum 
quantity of fluid possible by an equal or considerably greater 
amount under these same conditions. 

Where the productivity factor is 100 bbl or more per day per 
pound of differential pressure across the sand, then each pound 
of bottom hole operating pressure represents a daily loss of 100 
bbl or more below the maximum theoretically possible. Here 
again the lift may compare favorably with rod-pump performance 
where formation pressures are 100 lb per sq in. or above. The 
performance of the plunger lift will be particularly favorable 
where 3-in., 4-in., or even larger tubing is used. 

When, however, formation pressures get below 50 lb per sq in. 
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in wells with these very high productivity factors, the simple 
plunger lift as heretofore described is definitely at a disadvan- 
tage when compared with displacement pumps. (These figures 
are given for illustration only). This is the case because depth 
of well, amount of gas released per barrel of fluid handled, size 
of plunger-lift equipment and many other factors determine the 
point at which comparable performance will be secured with these 
two methods of pumping. 

This is due to the fact that at low pressures there is a marked 
reduction in the quantity of solution gas to be handled, making 
it possible to secure a high volumetric efficiency with displace- 
ment pumps, while on the other hand the capacity of the plunger 
lift is limited sharply by the low pressure at which it must operate. 
In theory at least this is not a limitation since the plunger-lift 
capacity for a given operating pressure can be increased to any 
desired figure by increasing the bore of the tubing to 6 in., 
8 in., 10 in. or more. In practice, this solution is inadmissible 
because of the limiting size of well casing and because of the high 
first cost of large tubing. Note that low formation pressure, 
of itself, is no bar to satisfactory plunger-lift performance, as 
for instance one well equipped with the plunger lift produced 
9 bbl per day from 3800 ft with a casing pressure of less than 5 
lb per sq in. It is only when the low pressure is accompanied 
by high productivity, say 100 bbl or more per day that an ap- 
preciable loss is suffered. 

A number of factors are commonly encountered that in the 
majority of cases will prevent wells coming into this last-named 
category. When sands are naturally tight or where a fine screen 
must be set, no such high productivity factors are possible. 
Again, when sands are porous and the wells set “bare foot,” i.e., 
without the use of screen or slotted pipe, an appreciable water 
drive may hold formation pressure to a value considerably above 
that mentioned, and the plunger lift will still produce at a com- 
petitive rate. Repressuring will also have the effect of maintain- 
ing formation pressures at values sufficient for satisfactory 
plunger-lift operation even in porous sands, down to the point 
where the recoverable oil has been produced. Again proration, 
by conserving reservoir energy, may result in the majority of 
units operating on well gas to the point of abandonment. 

The possibility of the eventual development of a condition 
where the plunger lift would not produce as much as could be 
secured with rod pumps has, however, proved to be a rather serious 
obstacle to the introduction of this new pumping method, in 
spite of the admitted economies to be secured through reduced 
maintenance. Even though analysis of a prospective pumpin . 
property may indicate no reasonable chance of a situation develoy - 
ing toward the end of the producing period, where low formation 
pressures might cause an undue reduction of production rate and 
therefore calling for additional capital investment on an already 
depleted property, the uncertainty of field behavior over long 
periods of time and the relatively slight field experience so far 
accumulated with the plunger lift tend to drive the operator 
to the conclusion that he, individually, can hardly justify the 
experimental risk involved, however enticing the comparison of 
costs might seem on the then present basis. 

For this reason it seemed desirable to attempt the develop- 
ment of accessory equipment which would permit the use of the 
plunger-lift method down to practically zero formation pressure 
even though the evidence to date indicates a rather restricted 
requirement for such equipment. This effort resulted in the 
development of the booster pump which will now be described. 


Tue Booster Pump 
Where, due to a low formation pressure and a large productivity 
factor, wells are capable of yielding much greater production than 
can be handled by a given size of plunger lift operating at the 
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necessarily low lifting pressure available, some modification must 
be made in the standard plunger-lift equipment to make lifting 
pressure independent of bottom hole pressure. In other words, 
the fluid must be taken from the bottom of the well and introduced 
into the plunger-lift equipment against a pressure greater than 
bottom hole pressure. If fluid only wer® to be handled, the 
problem would be comparatively simple since the energy re- 
quired to deliver 100 bbl per day from say 10 lb per sq in. to 100 
lb per sq in. is only about '/s hp. A simple jet, even though com- 
paratively inefficient would be sufficient to handle the job. When 
in addition it is necessary to handle 1500 cu ft of formation gas 
per barrel, however, the problem becomes vastly more difficult 
because the space available in the bottom of the usual well is 
decidedly inadequate to provide for a gas conyffessor capable of 
handling 100 cfm through the pressure range suggested. The 
obvious solution is to provide a path whereby formation gas can 
escape to atmosphere or the gas pickup system, and to supply 
all the lifting gas independently. 

Several such units have been built and tried. These units 
consist briefly of a displacement chamber attached below the 
cushion seat of the plunger lift and supplied with gas through a 
macaroni string of 11/,in. pipe laced to the plunger-lift tubing 
with metal straps. In addition this macaroni string of tubing is 
supported on hangers about every 500 ft. 

Gas is admitted to the displacement chamber intermittently, 
and is controlled by the level of fluid in the chamber. When the 
fluid has been displaced from the chamber into the plunger-lift 
tubing above, the input gas is cut off and the gas in the chamber 
exhausts into the casing space and escapes to the surface along 
with formation gas, allowing the chamber to fill again with fluid. 
All working parts of this equipment are assembled into a unit 
with the cushion seat of the plunger lift, and are so arranged that 
they can be run into or withdrawn from the well on a wire line, 
avoiding the necessity for handling pipe if repairs are required. 
About 12 to 14 hr are required to run the two strings of tubing 
simultaneously to 6500 ft. The chamber mechanism can be 
fished and replaced in about 3 hr at the same depth. 

The chamber cycle is largely independent of the plunger cycle; 
for instance, in one installation the chamber made 30 cycles per 
hr handling nearly '/; bbl per cycle while the plunger made four 
trips per hour, raising nearly 2!/, bbl per trip with an input pres- 
sure on the macaroni tubing of about 250 Ib per sq in. Gas-oil 
ratios have run from a low of 1200 cu ft per bbl for a lift of 6500 
ft to an average of about 2400 cu ft per bbl. 

While further work is necessary to simplify the construction 
and to determine the best valve settings, results to date indicate 
that the combination of this device with the simple plunger lift 
will result in a thoroughly practical lifting equipment, capable of 
producing the capacity of the well, independent of formation 
pressure. 

Attention is drawn to the fact that no lifting is accomplished 
by available formation gas when the booster chamber is used. 
Therefore it is more economical to use the straight lift where 
formation pressures are sufficiently high. 


CONCLUSIONS 


That the plunger-lift method of pumping deep wells is adapted 
to supplement gas lift has been amply demonstrated. 

The low maintenance figures expected from consideration of the 
simple character of the mechanism and the elimination of high 
working stresses have been attained under working conditions. 

The durability of the equipment is such that it would be hard 
to set a reasonable figure for depreciation based on wear and tear. 

In view of the increasing depths to which wells are now drilled, 
the comparative advantages of the plunger-lift method, should 
become increasingly apparent from year to year. 
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The Influence of Cutting Fluids on Tool Life 


in Turning Steel 


By O. W. BOSTON,? W. W. GILBERT,’ anv C. E. KRAUS,‘ ANN ARBOR, MICH. 


Several reports, listed in this paper as a selected bibliog- 
raphy, already have been presented by the Subcommittee 
on Cutting Fluids. The first report deals, in general with 
the characteristics of cutting fluids (1);5 the second paper 
presents the results of an industrial questionnaire regard- 
ing the use of cutting fluids (2); and the balance of the 
reports (3, 4, 5) present experimental data dealing with 
the performance of cutting fluids when drilling and saw- 
ing various steels, cast iron, malleable cast iron, brass, 
and aluminum. The Committee now proposes a series 
of experiments by which further data may be obtained as 
to the use and properties of cutting fluids. It is hoped 
that eventually these data may be correlated to indicate 
the principles underlying the commercial use of cutting 
fluids. 

The object of this paper is to present the results of a 
series of tests in which various cutting fluids were used 
in turning steel. It is shown that the exponent, as well 
as the constant, in the formula VT" = C may change as 
the cutting fluids are changed, other conditions remaining 
constant. 


HE cutting-speed tool-life relationship conforms to the 

mathematical equation V7" = C, where V = cutting speed 

infpm; 7’ = tool life undercut up to the time of tool break- 
down, min; n = exponent of 7 = the tangent of the angle of 
slope of the curve when plotted on log-log paper; and C = a con- 
stant depending upon the various conditions, such as material 
cut, tool shape and material, size of cut, and cutting fluid. 


EQUIPMENT AND MeEtHOpDs IN CurTTING-SPEED TooL-LIFE 
TEsTs 


In running these various cutting-speed tool-life tests, two set- 
ups were used. One consisted of a heavy-duty lathe having a 
30-in. swing and 14-ft bed with a 12-speed geared head, as shown 
in Fig. 1. The second setup consisted of a 14-in. swing, 6-ft 
bed having a 16-speed geared-head drive. The larger lathe was 
driven by a constant-speed motor operating through a variable- 
speed transmission which, in turn, drove the driving pulley of 
the geared head so as to provide any slight change desired in 
cutting speed. The smaller lathe was operated by a direct-cur- 

' Progress Report No. 6 of the Subcommittee on Cutting Fluids of 
the A.S.M.E. Special Research Committee on the Cutting of Metals. 

? Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. Professor Boston was graduated from the Univer- 
sity of Michigan, College of Engineering, in 1913, received a master’s 
degree in 1917, and the degree of mechanical engineer in 1926. He is 
now professor of metal processing and director of the department of 
metal processing at the University of Michigan. He is a member of 
the A.S.M.E. Special Research Committee on the Cutting of Metals, 
chairman of the Subcommittee on Cutting Fluids, and chairman of 
the A.S.M.E. Committee on Machinability of Steel, member of the 
Sectional Committee on Standardization of Small Tools and Ma- 
chine-Tool Elements, and chairman, Technical Committee on 
Nomenclature. 

‘Instructor in metal processing at the University of Michigan. 
Jun. A.S.M.E. He holds degree of B.S. in M.E. from University 
of Colorado, and of M.S. and D.Sc. from the University of Michi- 
gan. For four years he has worked with Professor Boston on metal- 
cutting and as coauthor of several papers on this subject. 


rent motor provided with a 66-point rheostat to furnish small 
speed increments for each of the 16 speeds of the geared head. 

In both lathes the tools were clamped into a special tool holder 
by set screws. The holder, in turn, was clamped to the carriage 
by straps in the usual manner. This holder is shown in Fig. 2. 

Both lathes were equipped with a cutting-fluid circulating 
system, and the cutting fluid was directed vertically downward 
on the face of the tool. In the Ryerson lathe, a full stream from 
a */,-in. pipe flowed on the tool at the rate of 4.5 gal per min. In 
the Monarch lathe a full stream from a !/,-in. diameter pipe flowed 
on the face of the tool at the rate of 4.75 gal per min. 


Tue Toots Usep 


Cutting tools in the form of commercial */s-in. square tool bits 
of high-speed steel were used. These bits can be reground a 
number of times and still produce the same cutting performance. 
The tool bits were supported while being ground and during the 
tests in the holder shown in Fig. 2. The various angles and 
the parts are shown in the figure. A special machine has been 
developed for grinding the single-point tools with a cup-shaped 
wheel. All tools were carefully ground and reground dry. Burrs 
were removed by a light hand honing after grinding. The tools 
for a given test were grouped in sets of six or eight and were re- 
ground and used many times so as to reduce the variation of the 
too] material to a minimum. 

In grinding the nose radius, the tools first were ground to a 
sharp point after which the radius was ground by hand to conform 
with a radius gage. They were boned before the final checking. 
This method was found to give consistent results. 

A standard tool shape was used in all tests. This tool is desig- 
nated as 8-14-6-6-6-15-3/64R, the numbers indicating, in the 
order named, an 8-deg back rake, 14-deg side rake, 6-deg front 
clearance, 6-deg side clearance, 6-deg end cutting angle, 15-deg 
side cutting angle, and 3/64-in. nose radius. 

The tool holder and bit were clamped at right angles to the axis 
of the work so that the side cutting edge of the tool, having a 15- 
deg side cutting angle, produced a setting angle of 75 deg with 
the axis of the work. 

The tool life in minutes was measured by means of a stop watch 
and was the time from the start of the cut until tool failure, as 
indicated by the sudden breaking down of the cutting edge. The 


‘Instructor in metal processing at the University of Michigan. 
Mem. A.S.M.E. Mr. Kraus was graduated from the University 
of Michigan, College of Engineering, in 1932, and received his 
master of science degree in engineering in 1935. For a number 
of years he has worked with Professor Boston on various phases of 
metal cutting and is coauthor of several metal-cutting papers. 

5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the A.S.M.E. Special Research Committee on the 
Cutting of Metals and presented at the Semi-Annual Meeting of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS, held in Cin- 
cinnati, Ohio, June 17 to 21, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fig. 1 Tue 30-InN. VartaBLe-Speep LATHE Usep IN THE First Test Setup 
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Fie. 2. Toot-Bir USED IN THE TURNING TESTS 


cutting speed was measured by means of a cut meter operating 
on the surface of the test log just ahead of the tool. 


Tue INFLUENCE OF CuTTiNG FLUIDS ON CuTTING-SPEED 
Lire CurvEs 


A series of tests was run using a 6-in. diameter rolled and ma- 
chine-straightened S.A.E. 2345 steel in an annealed condition. 
The analysis of the steel in per cent was 0.49 C, 0.70 Mn, 0.025 
S, 0.015 P, 0.210 Si, 3.41 Ni, and 0.04 Cr. Its Brinell hardness 
averaged 197. These tests were run on the 14-in. lathe previ- 
ously mentioned. 

From 10 to 15 points, representing the tool life for a given cut- 
ting speed, were obtained when cutting the steel with each of the 
cutting fluids listed, with their symbols, in Table 1. The equa- 
tions resulting from these tests are summarized in Table 2. 
Lines representing the data are shown drawn on log-log paper in 
Fig. 3, where the depth of cut was 0.050 in. and the feed per revo- 
lution of the work was 0.0255 in. Each curve is labeled by a 
symbol indicating the cutting fluid used. Fig. 4 shows a corre- 
sponding set of curves where the depth of cut was 0.100 in. 
and the feed 0.0127 in. The area of cut in the two sets of ex- 
periments remained constant. The lines in Fig. 4 are all higher 


than those of Fig. 3, indicating that the shape of the cut for a 
constant area influences the cutting speed for a given tool life. 
The lines in Fig. 3 are inclined less from the horizontal and have 
smaller values of n than the corresponding lines in Fig. 4. Table 
2 shows that for the 0.0255 by 0.050-in. cut, the exponent averages 
1/9.6 for the first five cutting fluids consisting of the dry and all 
aqueous solutions, but for the 0.0127 by 0.100-in. cut the expo- 
nent averages 1/7.3 for the first five cutting fluids. 

In the first set of curves, the exponent n increases to 1/9.1 for 
the straight mineral oil M and to 1/7 for the sulphochlorinated 
mineral oil. These changes are indicated by the change in slope 
of the lines in Fig. 3. In Fig. 4 the exponent for mineral oil M is 
reduced to 1/7.8, and reduced still further to 1/8.4 for the mineral 


TABLE 1 CUTTING FLUIDS USED IN CUTTING FLUIDS TESTS 
Symbol Cutting fluid 
D Dry cutting 
Ww Water, distilled 
WB Water, distilled, plus 1'/: per cent of borax by weight 
Emul. A __ Soluble oil A, 1 part to 16 parts water 
Emul. B Soluble oil B, 1 part to 16 parts water 
Emul. B; Soluble oil B, 1 part to 8 parts water 
Emul. C Soluble oil C, 1 part to 16 parts water 
Mineral oil, light, 110 see Saybolt at 100 F 
MO Mineral oil, light, plus 5 per cent oleic acid 
SM Sulphurized mineral oil (4 per cent sulphur), 110 sec Saybolt 
SCI M Sulphochlorinated mineral oil 
TABLE 2 A SUMMARY OF TOOL-LIFE CUTTING-SPEED 
RELATION FOR VARIOUS CUTTING FLUIDS 
Cutting Feed, in. Depth of Cutting-speed Cutting speed for 
fluid perrev. cut,in. tool-life equation 20 min 2 hr 
D 0.0255 0.050 VT1/96 = 126 92 78 
Ww 0.0255 0.050 VT1/9-6 = 161 118 99 
Emul. B 0.0255 0.050 VT1/9-6 = 157 115 96 
Emul. Bi 0.0255 0.050 VT'/*-6 = 161 118 99 
Emul. C 0.0255 0.050 VT'/9-6 = 160 117 98 
M 0.0255 0.050 VT1.1 = 152 109.5 91 
S Cl M 0.0255 0.050 VT!” = 163 105 82 
D 0.0127 0.100 VT'/7.3 = 168 113 91 
Ww 0.0127 0.100 VT1/1.8 = 219 145 115 
Emul. B 0.0127 0.100 VT1/1.8 = 208 138 110 
Emul. Bi 0.0127 0.100 VT1/7.8 = 211 140 112 
Emul. C 0.0127 0.100 VFi/7.3 = 207 137 109 
M 0.0127 0.100 VT1/7-8 = 192 130 105 
MO 0.0127 0.100 VT1/8.4 = 200 141 116 
S Cl M 0.0127 0.100 VT'/8-4 = 193 136 113 


These values are for the turning of an S.A.E. 2345 steel, using tools of ma- 
terial A, 18-4-1 high-speed steel, having the shape 8-14-6-6-6-15-3/642. 
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CUTTING SPEED, In FEET/Min. 


TOOL LIFE, in minutes 


Fic. 3. Tue INFLUENCE oF Various Cutting Fiuips on Toot-Lire Curves PLorrep on Log-Loe 


(Cutting fluids used on annealed S.A.E. 2345 steel turned with high-speed 18-4-1 tool steel A which was ground to the standard shape 8-14-6-6-6-15- 
3/64R. The speed was 0.0255 in. per revolution and the cut was 0.05 in. deep. Letters on the curves refer to solutions listed in Table 1.) 
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Fie. 5 Currina-Speep Toot-Lirs Curves on Log-Loc Paper ror Various Aqueous CuTtine FLuips 
(Letters on curves refer to solutions listed in Table 3.) 


; TABLE 3 A SUMMARY OF THE TOOL-LIFE CUTTING-SPEED 
oil containing oleic acid and for the sulphochlorinated oil. The RELATION YOR VARIOUR CUTTING 
oils for the thick shallow chip of Fig. 3 give the greatest slope of OUT GRAPHITE 


gi Cutti Cutti f 
the curves, whereas for the thin deep chip of Fig. 4, they give the Cutting fluid ae. pation speed f- 
least slope. The least slope produces a more nearly horizontal D Vises 
line which is very beneficial for long values of tool life at compara- Ld pg 
tively low cutting speeds. Emul. Vries 


The tests show that the thick shallow cut materially reduces 


Oils are beneficial for the thin deep cut but detrimental for the 
VT146.3 
condition in the form of a 14-in. diameter and 48-in. long forging VTI/-1 
and 0.61 Cr. The 30-in. lathe shown in Fig. 1 was used in these These values are for the turning of an 8.A.E. 3140 steel forging with 18-4-1 


the slope of and lowers the cutting-speed tool-life curves for all Vrian 
VTi46.3 
thick shallow cut. 
Use of Colloidal Graphite in Cutting Fluids. A number of tests vr is 
= 
having an average Brinell hardness of 190. Its chemical analysis VTI43 = 
. : : high teel B. The feed 0.0125 in. lution, and the depth 
tests. Tool bits */s in. square of 18-4-1 high-speed steel were used square section tool of the shape 


VT146.5 
aqueous solutions, producing unfavorable results for fast cutting. 
have been run on S.A.E. 3140 steel in a normalized and annealed M yries 
in per cent was 0.42 C, 0.69 Mn, 0.021 8, 0.017 P, 0.17 Si, 1.41 Ni, M sendin 
of a brand different from that used in the previous experiments. 15-3/64R was used. 
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The tools were ground to the same standard shape, however. 
The size of all cuts was 0.0125 in. feed per revolution and 0.100 
in. deep. 

Preliminary tests were run with several commercial types of 
aqueous cutting fluids. The results are plotted in Fig. 5. In 
this figure there are also shown four curves representing the most 
satisfactory cutting fluids for four additional types tested under 
the the same conditions as the aqueous solutions. These are the 
collodial compounded emulsions A-2-0 and M-2-0 and the oils SM 
and SCIM. The symbols refer to the cutting fluids as listed in 
Tables 1 and 3. All five of the aqueous cutting fluids produced 
parallel curves, giving the same exponent in the equation, as 
indicated in Table 3, but giving constants varying in order from 
the highest curve down to the lowest curve of 207, 198, 192, 189, 
and 178, respectively, showing borax water to be the best, dry 
cutting the poorest, and the three emulsions intermediate. It 
is of interest to note that the exponent of these five equations is 
1/6.3 as compared with 1/7.3 for the corresponding cutting fluids 
for the same size of cut in Table 2. The tool material and steel 
cut were different in the two tests. 

Emulsions A, B, and C of Fig. 5, consisting of three different 
commercial soluble oils, were reduced with 16 parts of distilled 
water. 

Influence of Colloidal Graphite in an Emulsion. The next 
series of tests involved the addition of various proportions of 
colloidal graphite in emulsion A. Colloidal graphite, being a 
nonreversible colloid, is not available in a dry state but is ob- 
tainable commercially in concentrated suspension in fluid carriers. 
When used with emulsions, as in these tests, it was suspended 
in water and obtained in the form of Aquadag, a trade-marked 
product furnished by the Acheson Colloids Corporation. Aqua- 
dag is a concentrated colloidal suspension of graphite in distilled 
water. The graphite content of this product is 22 per cent by 
weight, equivalent to 0.015 lb per liquid oz. Five types of emul- 
sion A were used containing colloidal graphite in pounds per 
gallon of emulsion as follows: 0, 0.0075, 0.015, 0.0225, and 0.03 
(equivalent to */; of 1 per cent by weight), respectively. These 
are represented by the cutting fluids in Table 3, indicated respec- 
tively as emulsions A, A-!/,-A, A-l-A, A-1'/s-A, and A-2-A. 
The resulting equations are shown in Table 3. 

The exponents of the equations for emulsions A and A-!/,-A 
equal 1/6.3. The exponent is reduced to values of 1/6.5, 1/6.75, 
and 1/7.1, respectively, for the emulsions containing the greater 
quantities of graphite, indicating that the curves become slightly 
more horizontal as the graphite content is increased. 

The curves on log-log paper appear as straight lines which are 
not parallel but cross at a point equivalent to a tool life of 7 or 8 
min. The values of the constants of the equations are gradually 
reduced as the slope of the curve is reduced, showing that for the 
higher speeds, giving values of tool life below 7 or 8 min, those 
cutting fluids having the least amount of graphite are superior. 
However, for values of tool life above 7 or 8 min, those cutting 
fluids having the greatest amount of graphite become superior. 

The commercial use of colloidal graphite suspended in water 
as an addition to an emulsion is not recommended, because of 
certain objectionable features encountered. The finish produced 
seemed to be slightly inferior as the amount of graphite was 
increased. The cutting fluid was black and extremely dirty. 
Wherever it splashed and dried, black spots were left which were 
removed with difficulty. 

Influence of Colloidal Graphite in a Soluble Oil. In view of the 
difficulties encountered with the use of colloidal graphite sus- 
pended in water, a series of experiments was undertaken with 
colloidal graphite suspended in oil. This mixture was added to 
the soluble oil before being reduced with 16 parts of distilled 
water. The commercial soluble oils used apparently carried in 
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suspension a saturated content of mineral oils so that, when the 
oil containing the colloidal graphite was added to the soluble oil, 
a slight amount of mineral oil was separated. However, this 
did not prove to be a serious matter. For commercial use, pre- 
sumably, this could be overcome by putting the colloidal graphite 
into the soluble oil at the time of its manufacture. The result- 
ant emulsion appeared to be a grayish color, rather than black 
as when graphite in water was used. The particles of graphite 
appeared to be carried in the oil rather than in the water so that, 
when the machine and work were splashed with the emulsion 
made from the soluble oil carrying graphite, it did not dry on as 
when graphite in water was added to the emulsion. 

Colloidal graphite in oil was obtained as Oildag, a trade-marked 
product furnished by the Acheson Colloids Corporation. This 
concentrated suspension contained 10 per cent by weight of 


graphite. This graphite was added to the soluble oil in quantities 
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16-To-1 EMuLSION A 
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in pounds per gallon of emulsion as follows: 0, 0.00625, 0.0125, 
(0.153 per cent by weight), and 0.025, respectively. The curves 
on log-log paper show the influence of graphite added to the 
soluble oil before being made into the emulsions on the cutting- 
speed tool-life curves. The straight emulsion produces the low- 
est and steepest curve. As graphite is added, the curve becomes 
more horizontal, pivoting about a point corresponding to a tool 
life between 1 and 2 min. The equations are summarized in 
Table 3 under cutting fluids designated as emulsions A, A-1-0, 
A-2-0, and A-4-0. 

The influence of graphite when added to the soluble oil is 
best shown by such graphs as a and 6b of Fig. 6 where the ex- 
ponents and constants of the equations are plotted on Cartesian 
coordinates against the ounces of Oildag per gallon of cutting 
fluid used. Fig. 6b shows that the constant gradually falls off 
from 198 to 191 as the amount of graphite is increased from zero 
to 0.03 Ib per gal. The value of the exponent, however, is shown 
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to be reduced from 1/6.3 to 1/7.1. A further addition of graphite 
reduces the constant but little, but might reduce the exponent 
appreciably. 

The cutting speeds for three values of tool life of 1 hr, 4 hr, and 
16 hr, respectively, are shown in Fig. 6c for the emulsion with 
various proportions of graphite. The use of graphite in the emul- 
sion produces a favorable increase in cutting speed. Because of 
the disadvantages, however, as pointed out previously, the in- 
creased speeds are probably not sufficient to justify the commer- 
cial use of colloidal graphite in this manner. The change in tool 
life for cutting speeds of 70, 85, and 100 fpm is shown in Fig. 
6d for different amounts of colloidal graphite. 

The values of the constants and exponents of the cutting-speed 
tool-life curves obtained with emulsions containing various pro- 
portions of graphite suspended in oil are shown in Figs. 7a and 
7b. The constant is reduced slightly as the amount of graphite 
is increased. ‘The exponents, however, are reduced considerably 
causing the curves to become more horizontal for an increase of 
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graphite up to a quantity of 0.0125 lb per gal of emulsion. The 
cutting speeds for each of three values of tool life of 1 hr, 4 hr, 
and 16 hr are shown as a function of the quantity of graphite used 
in the emulsion. For each of the tool-life values, there is an ap- 
preciable increase in cutting speed as the amount of graphite in 
the cutting fluid is increased up to 0.0125 lb per gal of emulsion 
or 0.153 per cent by weight. This seems to be the minimum 
amount of graphite to give a maximum increase in cutting speed. 
For instance, on a 4-hr tool life, the cutting speed, as shown in 
Fig. 7c, is increased from about 83 fpm to 91 fpm as graphite up 
to 0.0125 lb per gal is added. In Fig. 7d the tool life for cutting 
speeds of 70, 85, and 100 fpm are given for each of the graphite 
contents. Again, an appreciable increase in tool life is obtained 
for all values of cutting speed as the amount of graphite in the 
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emulsion is increased from 0 to 0.0125 ib per gal. For the 70-fpm 
speed, the tool life is increased approximately 100 per cent from 
about 710 min to 1500 min. 

When the grapbite is suspended in oil and added to the soluble 
oil before being reduced with water, as previously discussed, the 
finish on the work was found to be greatly improved. In fact, 
the finish was equal in smoothness to that obtained by any of 
the oils. This emulsion containing graphite did not have the 
objectionable features of the emulsion to which graphite in water 
was added, inasmuch as the machine and work were left quite 
clean. When the surface dried, no graphite spots remained, the 
graphite apparently being carried away suspended in the oil. 
The use of colloidal graphite in this manner appears to have com- 
mercial possibilities. 

The colloidal graphite in an oil carrier also was added to the 
two other types of soluble oils. The results of the experiments 
are given in Table 3 under emulsion B. This emulsion was made 
of 1 part type-B soluble oil, in the ratio of 1 part oil to 16 parts 
of distilled water. When containing no graphite, the resulting 
equation was V7T/*3 = 192. For emulsion B-2-0, contain- 
ing 0.153 per cent of graphite by weight, the resulting equation 
was VTV7-1 = 192. 

The reduction in the value of the exponent as the graphite is 
added shows that the curve becomes more horizontal. The con- 
stant, remaining the same, shows that the curve pivots about the 
cutting speed for a tool life of 1 min. Table 3 shows an appre- 
ciable increase in cutting speed for both the 20-min and 2-hr 
tool-life values. 

Emulsion C, Table 3 is similar to emulsion B except that the 
third type of soluble oil was used. Emulsion C-2-0 contains 
0.153 per cent colloidal graphite by weight. The difference be- 
tween the equations for the two emulsions shows a reduction in 
the value of the exponent from 1/6.3 to 1/8.5 and a slight redue- 
tion in the value of the constant. An appreciable increase in 
cutting speed is shown for both the 20-min and 2-hr tool-life 
values. 

It was found that when soluble oil B was used, the suspension 
of the colloidal graphite was very poor. Even while running the 
tests, an appreciable amount of the graphite was thrown out of 
the emulsion. When using soluble oil C in the form of an emul- 
sion containing the graphite, there was evidence that over a 
period of two or three weeks a considerable amount of graphite 
would be lost from the emulsion. ‘These facts are mentioned, 
inasmuch as many statements have been heard to the effect that 
graphite in various types of emulsions has been used with little 
success. Emulsion A, being more stable, indicates that there is 
a possibility of using graphite to advantage in emulsions, inas- 
much as both the tool life and finish are improved. 

Influence of Colloidal Graphite in Mineral Oil. Additional 
cutting-speed tool-life tests were carried out on the S.A.E. 3140 
steel with the standard shape of tool operating at a feed of 0.0125 
in. and a cut 0.100 in. deep. A plain light mineral oil, a sulphur- 
ized mineral oil, and a sulphochlorinated mineral oil were used, 
together with the plain mineral oil plus various quantities of col- 
loidal graphite. The graphite suspended in an oil carrier was 
added in percentages by weight of 0.038, 0.076, 0.114, and 0.153, 
in the oils listed in Table 3 as M-'/.-0, M-1-0, M-1'/.-0, and 
M-2-0, respectively. All cutting-speed tool-life curves for the 
oils are shown plotted in Fig. 8. 

It is shown that the data for the sulphochlorinated mineral 
oil and the sulphurized mineral oil are identical, resulting in one 
curve which is the highest of all for values of tool life less than 5 
min. The lowest curve is for the straight light mineral oil M. 


As various quantities of colloidal graphite are added, the curves 
are elevated and become slightly more horizontal, pivoting about 
For values of tool 


a point corresponding to a tool life of 1/2 min. 
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Fic. 9 GrapHic REPRESENTATION OF THE INFLUENCE OF VARIOUS 

AMOUNTS OF COLLOIDAL GRAPH'TE IN A MINERAL OIL ON THE CON- 

STANTS, EXPONENTS, TOOL-LIFE, AND CUTTING SPEED. Data TAKEN 
From TaBLe 3 


life above 5 min, the highest cutting speeds are obtained with the 
mineral oil M-2-0, which contains 0.153 per cent by weight of 
graphite. It is interesting to note that the lowest curve in Fig. 
8, obtained with the plain mineral oil M, becomes the highest 
curve (M-2-0) through the addition of this amount of graphite. 

Values of cutting speed fur a 2-hr tool life are shown in Table 
3 as being 89 fpm for the plain mineral oil, 97 fpm for the sulphur- 
ized mineral and sulphochlorinated mineral oil, and 106 fpm 
for the mineral oil containing 0.153 per cent colloidal graphite by 
weight. 

Attempts were made to add the colloidal graphite suspended 
in oil to a sulphurized-base oil consisting of about 3'/, per cent 
fatty oil, '/. per cent sulphur, and the balance mineral oil, having 
a viscosity of about 160sec Saybolt. It was found that the graph- 
ite did not remain in suspension for a sufficient length of time 


Letters on curves refer to solutions listed in Tables 1 and 3.) 
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to obtain satisfactory performance. It was found, however, that 
the plain mineral oil kept the colloidal graphite in suspension 
very satisfactorily, showing only 2 to 3 per cent settling of graph- 
ite after standing for a period of three weeks. The finish pro- 
duced by the mineral oi] containing graphite was the best of all. 
The oil appeared black, but was clean to work with, inasmuch ax 
in running from the work or machine it carried the graphite with 
it in suspension, leaving none on the surface or on the chips. 
The changes in the constants, exponents, cutting speeds, and 
tool-life values as a function of the various quantities of colloidal 
graphite carried in the mineral oil are summarized graphically 
in Fig. 9. A small addition of graphite causes the constant to 
fall off to a minimum for the oil M-1-0. It increases thereafter 
to a satisfactory maximum for M-2-0. The exponent of the 
equation is highest, producing the steepest curve, when no graph- 
ite is contained in the mineral oil, as shown in Fig. 9a. With 
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the addition of small quantities of graphite, the exponent drops 
rapidly to a minimum of 1/8.3 for the mineral oil M-1'/,-0, after 
which no appreciable reduction is obtained with further additions 
of graphite. Because of the rise of the constant for the M-2-0 
oil, it is felt that the graphite content of 0.153 in per cent by 
weight, corresponding to that of the oil M-2-0, should be the 
minimum amount to be used. 

In Fig. 9c are shown the values of cutting speed for each tool 
life of 1 hr, 4 hr, and 16 hr as the content of graphite is increased. 
The overall increase is appreciable, averaging approximately 20 
percent. The tool life for a constant cutting speed, as shown in 
Fig. 9d, also increases very favorably as the oil contains quantities 
of graphite in excess of that of oil M-1-0. The increase in tool 
life obtained by the greatest amount of colloidal graphite in oil 
averages from 400 to 600 per cent, whereas, the increase in cutting 
speed using the colloidal graphite suspended in oil in an emulsion 
produced about 100 per cent increase. 

Summary. In summarizing the results of the experiments, 
those curves considered most significant are replotted on the 
modified log-log seale in Fig. 10. The equations are summarized 
in Table 2. The lowest curve is obtained when cutting dry, the 
highest curve for a tool-life value in excess of 13 min is obtained 
with the light mineral oil containing 0.153 per cent colloidal 
graphite by weight. The other curves are intermediate. It is 
interesting to note that, for a tool life below 13 min., the highest 
values of cutting speed are obtained for any given tool life with 
the borax water WB. The curve obtained by the use of the 16- 
to-1 emulsion A, containing 0.153 per cent colloidal graphite by 
weight suspended in oil, is consistently higher than the corre- 
sponding curve for the sulphurized oils. Fig. 10 shows clearly 
that both the slope, which affects the exponent, and the vertical 
position on the scale, which affects the constant, are affected by 
the use of the different types of cutting fluids. 

Some of the curves of Fig. 10 have been replotted on Cartesian 
coordinates in Fig. 11 to make the results more conveniently 
legible. 

The results of a survey published by Automotive Industries (6) 
showed that of companies reporting as to the use of cutting 
fluids on turning machines, consisting of engine lathes, turret 
lathes, automatic lathes, automatie screw machines, and boring 
mills, by far the greater majority were using soluble oils on 
steel. The soluble oils ranged in richness from 1 part of soluble 
oil to 12 parts of water up to 1 part of oil to 50 parts of water. 
On engine lathes, turret lathes, automatic lathes, and boring 


mills, soluble oils represented approximately 90 per cent of the 
total. Some mineral-lard oil was used in automatic lathes, and 
considerable was used in automatic screw machines. Sulphur- 
ized mineral oil was used on automatic screw machines cutting 
steel almost as often as mineral-lard oil. 

The present-day cost of lard oil, it is believed, is causing min- 
eral-lard oils to be replaced by sulphurized-base oils or sulphur- 
ized mineral oils on automatic screw machines. Probably the 
sulphurized-base oil is used most generally, due to the fact that it 
is clear when mixed with a light mineral oil and may be mixed to 
any consistency desired for the job and type of machine. 

Judging from the tool-life tests reported in this paper, it appears 
that, from a tool-life point of view, the soluble oil is superior to 
the sulphurized mineral or sulphurized-base oils. Frequently 
in the automatic type of machine, the lubrication of the machine 
itself calls for a richer lubricant than the soluble oil. The oils 
also might be required to produce a good finish on accurate di- 
mensions and where tapping and threading operations are in- 
cluded. There is obviously a lack of standardization in the use 
of cutting fluids. The good or bad performance of a cutting fluid 
on one type of steel does not necessarily insure the same perform- 
ance on another type. One advantage of questionnaires used in 
preparing such papers as those written by McKee (2) and the one 
published in Automotive Industries (6) is that they give one an 
opportunity to compare his practice with that of others in his 
own field. 


TABLE 4 COMPARATIVE HOURLY MACHINE-PRODUCTION 
COST WITH TWO DIFFERENT OILS 


Plain Sulphurized 
oil oil 
Tool cost, material, and grinding.............. 0.20 0.20 
Cutting-fluid cost, 1 gal per hr............... 0.16 0.24 


Increased cost = 8 cents per hr = 1.65 per cent. 


Real economy lies in the selection of that cutting fluid which 
will do the job producing the best quality, the greatest production, 
or both. The results of this paper, while limited in scope, show 
that cutting fluids have peculiar characteristics, and cannot be 
selected on a cost basis. It appears that each job should be solved 


on its own merits, and a record of production is the best means to 
this end. 

For a constant tool life of 300 min, as seen from Fig. 10, the 
cutting speed for the plain mineral oil is 77 fpm and for the sul- 
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phurized oi] it is 86 fpm. The increase in speed or production is 
12 per cent. The mineral oil costs 16 cents per gal and the sul- 
phurized oil costs 24 cents per gal. Assuming the use of these 
oils on an automatic screw machine in which 1 gal per hr is added, 
the comparative figures given in Table 4 might represent the pro- 
duction cost per hour. In other words, the values in Table 4 
show that an increased cost of 1.65 per cent produces an increase 
in production of 12 per cent. This indicates that the cost of the 
cutting fluid is not as important as its performance. 


ConcLUSIONS 


In the experiments reported in this paper numerous types of 
cutting fluids have been used when turning steel with single- 
point tools of high-speed steel. Various conclusions may be 
drawn as follows: 

1 For a given size and shape of cut, using a single tool ma- 
terial and test log, each cutting fluid produces a characteristic 
equation representing the relation between cutting speed and tool 
life. Both the exponent and constant of the equation may be 
varied. 

2 For a given area of cut, other factors remaining the same, 
the results obtained with a shallow thick cut differ from those of 
the deep thin cut. 

3 The use of oils on the shallow thick cut caused the log-log 
curves to become steeper, whereas, when used on the deep thin 
cut, the curves become more horizontal, indicating opposite 
tendencies. 

4 In all tests reported, the same exponent in the cutting- 
speed tool-life equation is obtained when cutting dry and with 
aqueous solutions and emulsions, but characteristic values of 
the constant are obtained. 

5 The addition to an emulsion of colloidal graphite suspended 
in water produces slightly favorable tool-life values but inferior 
finish. The work, operator, and machine were left extremely 
dirty, however. 

6 When colloidal graphite suspended in oil is added to the 
soluble oil before being reduced with water to make an emulsion, 
the slope of the cutting-speed tool-life curve with the horizontal 
is reduced, while the constant remains practically the same. 
When colloidal graphite of not less than 0.153 per cent by weight 
is added to the emulsion, the cutting speed for a given tool life 
is increased about 10 per cent and the tool life for a given cutting 
speed is increased about 100 per cent. This emulsion was clean 
and proved to be very satisfactory as a cutting fluid. 

For commercial use it seems desirable that the colloidal graph- 
ite carried in oil be added to the soluble oil at the time of its 
manufacture. Some types of soluble oils proved to be poor 
carriers of the graphite. 

7 When colloidal graphite is added in increased quantities to 
a plain mineral oil, the resulting cutting-speed tool-life curves be- 
come more horizontal, showing the exponent to be reduced with 
a very slight change in the value of the constant. Maximum 
benefits in cutting speed or tool life are obtained when the per 
cent of colloidal graphite by weight in the mineral oil is 0.153. 
For a given tool life, an increase in cutting speed under these con- 
ditions averages 20 per cent. For a given cutting speed, the tool 
life increases 400 to 600 per cent. The addition of the colloidal 
graphite to the mineral oil darkened the color of the oil, but it 
did not prove to be objectionable, as the machine and work were 
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TABLE5 ORDER OF CUTTING FLUIDS FROM LOWEST TO HIGH- 
EST SPEEDS WHICH GIVE A TOOL LIFE OF 2 HR 
Speed, 
Cutting fluid pm 
(a) Dry cutting, the lowest &3 
(b) Plain mineral oil - ‘ ; 89 
(c) Emul. A, 1 part oil to 16 parts ‘water. 93 
(d) Sulphurized mineral and sulphochlorinated mineral... 97 
(e) 1-16 Emulsion containing 0.153 per cent by weight of colloidal 
graphite.... 100 
(f) Mineral oil containing | 0.153 Lael ‘cent by weight « of f colloidal 
graphite, highest. . 106 


These values were obtained when turning normalized and annealed 
S.A.E. 3140 steel with 18-4-1 high-speed-steel tools ground to the standard 
shape 8-14-6-6-6-15-3/64R, with a feed of 0.0125 in. and a cut 0.1 in. deep 


left clean as the oil ran off. Only about 3 per cent of the col- 
loidal graphite was found to settle out of the oil on standing 
for a period of three weeks. 

8S When turning normalized and annealed S.A.E 3140 steel 
with 18-4-1 high-speed-steel tools ground to the standard shape 
of 8-14-6-6-6-15-3/64R, with a feed of 0.0125 in. and a depth of 
cut 0.100 in., Fig. 10; the cutting fluids from the lowest to the 
highest cutting speeds which give a 2-hr tool life are listed in 
order in Table 5. The difference between the highest cutting 
speed of 106 fpm and the lowest cutting speed of 83 fpm repre- 
sents an overall increase of 28 per cent for the 2-hr tool life. 

9 For short values of tool life, water plus borax or plain water 
gives the greatest cutting speed for any tool life below 13 min. 
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New Spring Formulas and New Materials for 
Precision Spring Scales 


By M. F. SAYRE,' SCHENECTADY, N. Y., anv A. V. pe FOREST,2 CAMBRIDGE, MASS. 


This paper describes development work on springs for 
precision measuring instruments in which the various 
errors or deviations from desired behavior of the springs 
were studied separately. These errors were then com- 
pensated for by the design of a new-type helical spring, 
the combined error of which was reduced to well within 
0.05 per cent. 

Variations due to change in elastic modulus with 
changes in temperature were eliminated essentially by 
the development of a special alloy of a modified elinvar 
type containing 36 per cent nickel; 8 per cent or more 
chromium; 4 per cent of other elements including man- 
ganese, silicon, molybdenum, copper, and vanadium; 
and the remainder iron. By making use of a high degree 
of cold drawing followed by a moderate-temperature heat- 
treatment and by other special processing, safe working 
stresses were raised to 60,000 lb per sq in. in shear, while the 


INTRODUCTION 
reat scales have been used for almost 300 years with a 


relatively high degree of suecess. Maximum success as a 

precision instrument, however, has been hindered by the 
presence of errors resulting from the following inherent difficul- 
ties: (1) Changes in stiffness of spring, i.e., in modulus of 
elasticity, with changes in temperature. (2) Differential varia- 
tions in length of the spring itself and of the attached parts due 
to expansion and contraction with temperature. (3) Creep 
of the metal of the spring under stresses well within the elastic 
limit followed generally by a gradual elastic recovery after the 
load has been removed. (4) Hysteresis in the metal mani- 
fested by failure of the spring to follow the same load-deflection 
curve on increasing and on decreasing loads. This makes itself 
evident in the form of “back error’ in the seale. (5) Slight 
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error due to creep under working loads was reduced to 
less than 0.02 per cent and the error due to “back error’’ 
or hysteresis was reduced to less than 0.04 per cent. 

Due to changes in pitch angle of wire and in radius of 
the coil as the load is applied, the load-deflection curve 
for a truly elastic helical spring of round wire deviates 
slightly from a straight line. Accurate formulas for the 
curve are developed in the paper. Using wires with the 
proper rectangular cross section, the resulting helical 
springs will theoretically have an exact straight-line rate. 
Actual behavior of these springs approximates very closely 
their theoretical behavior. An error results from the 
twisting of the springs under load. This has been cor- 
rected by using two springs in series, oppositely wound. 

Various other means of compensating for the various 
errors were also studied, some of which are mentioned in 
the paper. 


deviations from straight-line characteristics in the inherent 
elastic stress-strain curve of the material. (6) Deviation from 
straight-line characteristics of the load-deflection curve due to 
changes in such factors as pitch angle and radius of coil of the 
spring itself as it changes in length under load. (7) Deviations 
from proper shape and form in the transmitting machinery be- 
tween the weighing spring and the indicating mechanism, due to 
improper design. (8) Further errors resulting from slight 
inaccuracies in workmanship in the transmitting machinery and 
in the indicating dial itself. 

This seems like an imposing list. Actually, most of these errors 
are relatively small and for years past the better grade of spring 
seales have given satisfactory service. This has been the result 
of good workmanship, of the use of special devices for compen- 
sating for temperature variations, #nd of a process of hand-cali- 
bration by which each individual seale, point by point, has been 
made to conform to correct values. 

Naturally, this ‘has been at best a slow, expensive, and rela- 
tively unsatisfactory method. Somewhat over five years ago 
G. E. Chatillon of John Chatillon and Sons, a company which has 
been manufacturing spring scales for approximately one hundred 
years, initiated a program of investigation, first to isolate and to 
study separately each of these various errors; second to develop 
means by which these errors separately could be eliminated or 
compensated for; and third to introduce precision manufacturing 
methods which would reduce cost of manufacture and at the 
same time increase the precision of the finished result by eliminat- 
ing need for hand corrective methods. 

As a result of this investigation, these errors have been elimi- 
nated as follows: 

(1) Temperature changes of the first type have been elimi- 
nated by use of an alloy of a modified elinvar type, which has 
been named “Iso-Elastic’”” metal, because of its properties, 
and which has a modulus of elasticity constant at approximately 
9,500,000 Ib per sq in. in torsion over relatively wide ranges of 
temperature. By changing the chemical composition, the posi- 
tion of this range of constancy can be shifted higher or lower to 
suit special conditions, if necessary. Temperature errors of 
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the second type are negligible in amount, but can if desired be 
completely eliminated by proper choice of the metals used in the 
frame and transmitting mechanism. 

(2) Creep and hysteresis errors have been reduced to ex- 
tremely small proportions while at the same time the allowable 
working stresses have been increased first by adding 0.4 to 0.8 
per cent Mn and 0.5 to 1.5 per cent Mo to elinvar alloy which 
contains 36 per cent Ni 8 per cent Cr; second by care in manu- 
facture; and third by making use of an unusually high degree of 
cold work, followed by a low- to moderate-temperature heat- 
treatment. At a stress of 60,000 lb per sq in., creep in one 
hour has been reduced to less than 0.02 per cent of the deflec- 
tion. The accompanying “back error’ or hysteresis is not over 
0.02 to 0.04 per cent of the full-load deflection. 


Fig. 1 SprinG SysTEM DESIGNED As A RESULT OF THE INVESTIGA- 
TION REPORTED BY THE AUTHORS : 


(3) By using wire of rectangular cross section, coiled with 
the long axis of the wire parallel to the axis of the helix, the spring 
itself has been given an inherent straight-line relationship be- 
tween load and deflection. This has also involved the use of 
special precautions in manufacture. 

(4) Secondary difficulties due to binding on pivots resulting 
from coiling or uncoiling of the springs under load changes have 
been eliminated by use of a right-hand and a left-hand coiled 
spring in tandem. 

The resulting spring system is shown in place in a finished scale 
in Fig. 1. The rack-and-pinion transmitting mechanism in this 
scale gives a magnification of approximately 30 to 1 so that ex- 
tremely small variations are readily visible. The accuracy of the 
springs themselves is such that the combined error due to all 
causes, including rack-and-pinion system and dial, should not 
average more than one part in 2000 at the full-capacity load of 
20 lb. A conception of what this means can be gained by com- 
paring with what is ordinarily thought of as the extremely 
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small variations in the pull of gravitation from point to point on 
the earth’s surface. The variation in the acceleration due to 
gravity g between the latitude of Alaska and that of the equator 
is approximately seven times as great as the error just mentioned. 
To obtain the full and complete benefit of the possible preci- 
sion of these springs, scales would necessarily be calibrated sepa- 
rately for any two regions differing noticeably in latitude. This 
of course can readily be done where necessary. These springs 
are called “Iso-Elastic,”’ and the scales “Iso-Seal.”’ 

This brief summary of the final result of the investigation pre- 
viously referred to gives only a small conception of the amount of 
development work completed and of the various alternative 
solutions which were considered before these final results were 
obtained. 


STEPS IN THE DESIGN OF SPRING SCALES 


A necessary first step in the design of the precision spring 
scales called for a detailed investigation of existing literature on 
the subject. In much of this literature, especially in patent 
specifications, obvious errors were found. It was found that 
attempts had been made to correct for the temperature error by 
providing for differential variations in the length of the spring 
itself and of the attached parts due to expansion and contraction 
with temperature, while ignoring the much larger item of changes 
in stiffness of the spring, i.e., in modulus of elasticity, with 
changes in temperature. Almost no mention was found in the 
literature of the relatively important item of deviation from 
straight-line characteristics of the load-deflection curve due to 
changes in pitch angle and radius of the coil of the spring itself as 
it changes in length under load. Certainly no quantitative esti- 
mates of the magnitude of the latter item or suggestions for its 
correction could be found. When its existence was recognized 
at all, it was customarily tacitly grouped with the errors re- 
sulting from slight inaccuracies in workmanship in the transmit- 
ting machinery and in the indicating dial, and cared for by cut- 
and-try methods. In spite of the immense amount of work 
already done, this part of the problem therefore presented in some 
measure a virgin field. 

Following the study of the literature, and in some measure 
parallel to this study, work was done on methods for eliminating 
temperature, creep, and straight-line error. 


TEMPERATURE EFFECTS 


From almost the beginning of the investigation, the alloy 
elinvar containing 36 per cent nickel, 1.2 per cent silicon, 12 
per cent chromium, and the balance iron, suggested itself as a 
means of eliminating temperature error. This alloy has been 
used to some extent for balance springs in watches and for 
similar purposes, but for other purposes its usefulness has been 
sharply limited by its low proportional limit and by creep and 
“back error’ even within this low limit. In fact, statements 
have been made that this was an inherent property of the mate- 
rial. Metallurgical investigations, discussed later in the paper, 
brought out the fact that these defects could be overcome by 
use of the somewhat similar Iso-Elastic alloy, which was adopted 
finally. Meanwhile, however, work was done on various feasible 
substitute methods which are described in this paper as a matter 
of interest. 

One expedient involves the use of springs of steel or phosphor 
bronze (the stiffness of which decreases with temperature) in 
connection with springs of invar which, over a reasonably wide 
range, increases in stiffness with increase of temperature. Several 
arrangements are possible. Fig. 2a shows an arrangement by 
which the springs are placed in parallel, but constrained to 
elongate equal amounts. In this case, to obtain proper com- 
pensation, the product of spring stiffness and temperature co- 
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efficient must be the same for the invar springs as for the steel 
springs. In Fig. 2b, the springs are in parallel but free to elongate 
independently, being connected by an equalizing lever. In this 
latter arrangement the two springs must have stiffnesses inversely 
proportional to their distances a and b from the point of load 
attachment, and the point of attachment between lever and in- 
dicating mechanism must be spaced with respect to the springs 
inversely proportional to their temperature coefficients. A 
third and probably more satisfactory method would involve the 
use of invar and steel springs in tandem, if comparative dimen- 


Fig. 2 (a) ARRANGEMENT OF PARALLEL SpRINGS CONSTRAINED 
To EquaL Amounts. (6b) PARALLEL SpRINGS ARRANGED 
To ELONGATE INDEPENDENTLY 


sions were chosen to make the combination automatically com- 
pensating. 

Another way of correcting for temperature effects involves 
the use of a spring made of steel or of some other material (the 
stiffness of which decreases with temperature) coupled with a 
yielding member such as a cantilever spring, the effective 
length of which can be caused to change with temperature, by 
using a strut of thermostatic metal. In this way the increas- 
ing stiffness of the yielding cantilever spring can be made to 
compensate for the decreasing stiffness of the major helical spring. 
This method has been in use for some time in the better grades of 
spring scales, but naturally involves various practical difficulties. 

A still further device involves the use of a pair of springs made 
of material with temperature coefficients of the same sign but 
different values, connected to a differential lever. Such a lever 


Fic. Scate WITH SpriNGS MADE OF MaTERIAL HAvING TEMPERA- 
TURE COEFFICIENTS OF THE SAME SIGN BUT OF DIFFERENT VALUES, 
AND WITH THE SpRINGS CONNECTED BY AN EQUALIZING LEVER 
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system is shown in Figs. 3 and 4. By connecting the indicating 
mechanism to the differential lever at the proper point, correction 
can be made for temperature effect. By using proper methods, 
this same system can potentially be used to correct simultaneously 
for straight-line error and creep error as well as for the tempera- 
ture error. Therefore, a detailed description of this method will 
be given later in the paper. 


CREEP AND HysTERESIS EFFECTS 


Creep and hysteresis effects naturally are allied closely to the 
metallurgical phases of this problem, and the methods taken to 
overcome them will later be described in more detail. The major 
features, as already mentioned, involve certain changes in analysis, 
the use of certain special processes in manufacture, and a very 
high degree of cold work followed by a moderate-temperature heat- 
treatment. In the completed springs, stresses up to 60,000 Ib 
per sq in. in shear have been utilized without exceeding the 
elastic limit or causing measurable permanent set. Over a work- 
ing elongation of 3.625 in., which corresponds to that of the 
spring size most frequently used in this investigation, the spring 
under a 24-hr application of full load showed creep usually 
not over 0.005 in. On applying half load, then full load, and 
then rereading at half load, the springs show a difference in 
reading, or back error, of a maximum of 0.001 in. with an aver- 
age difference of less than one half that amount between ascend- 
ing and descending loads. Somewhat to the surprise of every- 
one concerned, creep and back error experimentally did not al- 
ways seem to be directly connected. 

It may be of interest to note that the so-called thermal creep,* 
which is inherently elastic in character, and which in materials in 
tension, compression or bending may be the cause of an appreci- 
able percentage of the initial creep, is virtually absent in torsion 
and can therefore be neglected when dealing with the usual ex- 
tension helical springs. 


BEHAVIOR 


Except for certain artificial reasons, a spring the elongation 
rate of which in inches per pound of applied load is slightly 
different at full load from that at half or quarter load, should give 
precisely as good results in a load-measuring apparatus as a 
spring with a straight-line relationship between load and deflec- 
tion. All that is necessary, apparently, is to graduate the indi- 
cating dial of the scale accordingly. Practically, this is not the 
ease. Aside from the inherent difficulties in graduating a dial to 
conform exactly to the load-deflection rate of such a spring, 
there is the difficulty that in many cases state laws require that 
scale graduations be equally spaced. There is also the objection 
that in a large percentage of the scales, the pointer makes two or 
more revolutions of the dial before reaching full load. For ex- 
ample, in a spring with a capacity of 30 lb, each revolution of 
the dial may represent a 10-lb load. Such a scale is possible 
only provided the load-deflection rate of the mechanism is the 
same between zero and 10 lb, and between 10 and 20 lb, as be- 
tween 20 and 30 lb. For these practical reasons a so-called 
straight-line spring is highly desirable. 

When Robert Hooke first stated his famous law in 1678 he 
used it as applying to helical springs and in a sense only inci- 
dentally mentioned it as applying directly to a relation between 
stress and strain in a material. To a surprising degree this law 
does hold true for helical springs in extension or compression. It is 
not, however, exactly accurate; in fact, it would be surprising if 
it were. There are three possible reasons for deviations from this 
law: (1) The pitch angle of the coil changes greatly during 


3‘*Plastic Behavior in the Light of Creep and Elastic Recovery 
Phenomena,” by M. F. Sayre, Trans. A.S.M.E., vol. 56, 1934, paper 
RP-56-8, pp. 559-561. 
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loading and this is accompanied by a slight coiling or uncoiling 
of the spring itself with corresponding changes in the length 
of the wire. These changes cause the normal load-defleection 
curve of the spring to deviate slightly from straight-line char- 
acteristics. (2) Experimental work‘ has shown that Hooke’s 
law is not exactly accurate for metals under tension, the modulus 
of elasticity decreasing as the tensile stress increases. In steel, 
for example, the modulus of elasticity at a stress of 50,000 lb per 
sq in. is approximately | per cent less than for zero stress. This 
is not a large variation but it is amply sufficient to cause great 
difficulty when working within the tolerance limits demanded of 
high-grade scales. Fortunately, from a theoretical point of 
view and also from experimental results obtained in connection 
with this investigation, it has become evident that the deviations 
from straight-line behavior under shearing stresses are materially 
less than in tension or compression. (3) Any creep or hysteresis 
in the material will tend to cause an apparent curvature in the 
ascending side of the load-deflection curve, the descending line 
of the diagram being curved in the opposite direction so as to 
form a loop. 

At the beginning of this investigation an extended study was 
made of all available data to determine if possible the relative 
magnitude of these three factors. No such information, either 
experimental or theoretical, could be found. There was a 
certain amount of information regarding the amount of the 
total deviation from straight-line behavior for individual springs 
measured experimentally by subtracting the elongation at half 
load from one half the full-load elongation of the spring, but this 
figure could not be subdivided to give separately the three differ- 
ent factors mentioned. No equations could be found which 
would correlate these results with the general dimensions of the 
spring, or explain how the straight-line error could be reduced. 

Of these three causes for deviations from straight-line behavior, 
the first one, representing the effect of changes in the geometry 
of the spring, is apparently the most important. The first step, 
therefore, was to develop an accurate equation for the relation 
between load and deflection in a helical spring; an equation 
which would be valid not simply for any one particular load but 
also throughout the full range of loading as the pitch angle of the 
spring changed. The derivation of this equation is given in de- 
tail in the Appendix. 


Deflection 
by 


Load 


DEFLECTION-LOAD CURVES FOR SCALE SPRINGS AND Devia- 
TION D FrRoM STRAIGHT-LINE RATE 


Fie. 5 


In final form, it can be expressed as follows, separated into two 
parts to give the initial rate of elongation and then the deviation 
from that initial rate: 

Initial rate of elongation in inches per pound of load (initial 
tangent to curve) = slope of line B in Fig. 5 = 


GI GIL (1— GJ/El) + KL/AG [ 


‘ “Laws of Elastic Behavior in Metals,’’ by M. F. Sayre, Trans. 
A.S.M.E., vol. 56, 1934, paper RP-56-7, pp. 555-558. 
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Deviation from initial straight-line rate in inches, shown as D in 


Fig. 5 = 


(3 —- 2 GJ/EI) (H? 0 2 He? 0 
3Gd L EI) ( + HH H,*) [40] 
Total elongation under a load P= 
(P X initial rate) + deviation... [41] 


Equations [39] and [40] apply to extension and to compression 
springs, coiled from wire or rod of any cross-sectional shape. 
The definitions of the symbols used in Equations [39] and [40] 
are given in the nomenclature at the end of the paper. 

The deviation from initial straight-line rate as given by Equa- 
tion [40] represents the product of three factors. The first 
factor PR,?/3GJL, is dependent on the load and the initial di- 
mensions of the spring as well as on the modulus of elasticity in 
torsion. The third factor (H*? + is dependent 
only on the initial and final height of the spring. These two 
factors can be controlled by the general design of the spring, 
but neither can be reduced to zero. The factor (3 — 2GJ/E1) is 
dependent upon the relationship between GJ and E/; in other 
words, the ratio between the torsional stiffness and the bending 
stiffness of the wire in the spring. Normally, G is approximately 
40 per cent of EZ, and for round wire J is twice the value of /. 
For round wire this factor, therefore, has approximately the 
value of 1.4. By properly changing the shape of the wire, how- 
ever, the relationship between GJ and EJ can be varied either 
way, reducing it below 0.8 or increasing it to, or slightly beyond, 
1.5. In this way the magnitude of the theoretical deviation 
from initial straight-line rate can be controlled and under proper 
conditions made equal to zero. It is this fact which makes the 
production of a truly straight-line helical spring possible. 

The simplest way in which this can be done is by use of a wire 
with a rectangular cross section, coiled flatwise, that is, with the 
long axis of the wire parallel to the axis of the helix. For such a 
wire, if a is the long axis and b the short axis of the rectangle, 
= ab*/12,J = kab*, and = 12k, and if G/E is assumed equal 
to 0.4, then 


a/b = 1 2 3 4 10 oc 

k = 0.141 0.229 0. 263 0.281 0.312 0.333 

J/I = 1.690 2.750 3.160 3.370 3.740 4.000 
(3 2GJ/EIT) = +1.650 +0.800 +0.470 +0 300 0.200 


The desired straight-line conditions therefore would theoreti- 
cally be obtained by use of a rectangular cross section with an ab 
ratio of 10, or approximated with ab ratios of 4 or higher. With 
an elliptical cross section, a 4-to-1 ratio between the major and 
minor axes of the ellipse is theoretically sufficient. Various 
other noncircular shapes could of course be used. 

Practically, due to variations in the ratio of G/E for different 
wires, and due also probably to slight changes in the values of G 
and £ with increasing loads and to a slight amount of creep in 
the wire which manifests itself by causing the stress-strain line 
to be slightly curved, the actual behavior of the springs varies 
somewhat from these results so that straight-line behavior with 
springs made of flattened wire is obtained for a/b ratios ranging 
usually from 2.5 to 4, depending upon the individual wire. With 
proper care, the deviations from true straight-line behavior 
throughout the full range of loading of the spring can be re- 
duced to less than 0.01 per cent of the full-load elongation. 

Helical springs twist slightly as they extend. This twist angle 
proved to be a secondary source of difficulty due to the resulting 
shifts in position at the knife-edge supports at the end. Due to 
frictional resistance, the introduction of a spherical joint at one 
end of the spring did not overcome this difficulty. It was, 
however, completely overcome by using two springs in tandem, 
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coiled in opposite directions so that they would twist in op- 
posite directions, the net twist of the pair being zero. 


ALTERNATIVE METHODS FOR STRAIGHT-LINE CORRECTION 


In addition to the previously discussed method of correcting 
straight-line error, various alternative methods are also possible, 
Fig. 6a shows a spring with a curved 
By properly choosing the shape and stiff- 


but usually less desirable. 
cantilever support. 
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Fic. 6 ALTERNATE MeTHODS OF CORRECTING STRAIGHT-LINE 
ERROR 
[(a) Spring with curved cantilever support. (6) Springs with a curved 


rack to transmit motion from springs to the pinion and the pointer. (c) 
Spring with a leaving calibrator. (d) Spring similar to the one shown 
in a but with the cantilever action furnished by the hook at the lower end 
of the spring rather than by a separate spring at the upper end. (e) Com- 
pression and extension spring placed in tandem in an erroneous attempt to 

counteract the straight-line error of each spring.] 


ness of the cantilever spring, the deviation from straight-line 
behavior of the cantilever spring can be made approximately 
equal in amount and opposite in sign to that of the helical spring, 
thus giving the combination spring a straight-line rate. In the 
apparatus shown in Fig. 6b, a similar motion of the pointer is 
obtained by using a curved rack to transmit motion from the 
springs to the pinion and pointer. Fig. 6c shows a spring with a 
so-called “leaving calibrator.’’ As the spring elongates it gradu- 
ally draws away from the calibrator at its support and at the 
point marked by a small arrow. In this way the effective 
number of coils in the spring increases slightly as the load in- 
creases, thus slightly decreasing the effective stiffness of the 
spring and correcting approximately for the inherent straight- 
line error of the spring itself. This method at best gives only an 
imperfect correction. The spring shown in Fig. 6d is inherently 
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similar in character to that shown in Fig. 6a, the only difference 
being that the cantilever action is furnished by the hook at the 
lower end of the spring itself rather than by a separate spring at 
the upper end. Fig. 6e is given only to show one of the typical 
errors which may result from careless reasoning. It consists of a 
compression and an extension spring placed in tandem so that the 
straight-line error of one would counteract the straight-line 
error of the other. Actually, the two errors are additive rather 
than subtractive so that the device is ineffective. 


DIFFERENTIAL-LEVER METHOD OF CORRECTION 


An alternative method of correcting the errors already men- 
tioned is by use of a differential lever shown in Figs. 3 and 4. 
This method can be used theoretically to correct for either 
straight-line error, creep error, or temperature error, or by proper 
design, for a combination of all three. It consists of a pair of 
springs, either simple or composite in type, which at their lower 
ends support lever ABC shown in Fig. 4. The entire load to 
be weighted, or a definite proportion of this load, is applied to the 
lever at point D. Point D isso placed between A and B as to dis- 
tribute the load between the two springs in proportion to 
their stiffness so that they elongate equally. Assume first that 
the two springs are at a constant temperature and are free from 
creep and straight-line errors. Under application of load, points 
A, B, and C move down at equal rates and the motion of the 
pinion with its attached pointer is exactly the same as if it were 
controlled directly by one of the two springs. Imagine now that 
while the springs are under load, the temperature changes and 
that the temperature coefficient of the left-hand spring is to that 
of the right-hand spring as the ratio of AC to BC. Due to the 
change in stiffness of the springs with temperature, points A 
and B will both change in position (but by different amounts) 
in the proper ratio so that point C will not move and the reading 
of the scale will be unaffected by the change in temperature. A 
similar correction will occur automatically if points A and B both 
change in position due to creep in the springs, if and provided the 
amount of relative creep is in this same ratio of AC to BC. Cor- 
rection for the two effects combined can be made by using 
springs in tandem as indicated in Fig. 4 or Fig. 5, and by select- 
ing the metals used and adjusting the relative length of the 
two parts so as to obtain the desired relationship between the 
temperature coefficients and the creep ratios. Adding the con- 
trol of straight-line errors involves only the proper design of the 
springs, since by making use of Equation [40], by changing 
either the shape of the wire or the radius of the coil for some one 
of the springs, the composite springs can be given straight-line 
errors which bear the same ratio of AC to BC. By careful de- 
sign, this method probably could be made to work successfully. 
However, it should be handled carefully since the arrangement 
tends to be dynamically unstable. As shown in Fig. 4, the 
rack and pinion and pointer attached at point C have a much 
larger effective inertia than have the springs attached at points 
A and B. On sudden application of load, the rack and pinion 
tend, therefore, at first to lag behind the downward motion of 
the springs, only gradually acquiring velocity. Later, this stored- 
up energy causes the pointer to oscillate about its true position. 
This tendency can be overcome by use of dash pots or by adding 
sufficient weight at the other end of the lever, beyond A, to 
cause the effective center of gravity of the lever, rack, and pinion 
combined to coincide with the load point D. 


CALIBRATING FIXTURE 


Mention should here be made of the calibration fixture devised 
by R. B. Wasson of John Chatillon and Sons. This fixture was a 
necessary factor in the success of this investigation. It consists 
essentially of a substantial spring scale (one spring only) with 
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rack, pinion, and dial of unusual accuracy and with a sufficiently 
large multiplying factor so that readings can be rapidly made and 
relied upon within a probable error of 0.0002 in. Provision is 
made so that the springs used in this scale can be changed rapidly 
and so that adjustment can be made for varying length or dimen- 
sions of the spring. By use of this calibrating fixture, readings of 
elongation can be far more rapidly and more accurately made 
than by use of the old methods, using either micrometer calipers or 
traveling microscopes. In view of the thousands of springs 
which were made and tested, this was a very important factor. 


PossIBLE UsEs OF SPRINGS 


These springs have so far been made in capacities ranging up to 
150 lb per spring but larger sizes are feasible. They are now in 
use in various models of the newer Chatillon scales and have also 
been adopted by the Baldwin-Southwark Corporation of Phila- 
delphia for use in certain of their testing machines, including a 
machine which is under construction for the U. 8S. Bureau of 
Standards. Various other uses are under consideration, one of 
which is an adaptation to governors on truck carburetors to 
regulate speed where previously such a device actuated by a 
helical spring would have been impossible because of the wide 
temperature variations underneath the engine hood of the truck. 
Various applications of the Iso-Elastic metal for other purposes 
than in helical springs also seem probable. 
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NOMENCLATURE 


A = area of cross section of wire 
= major axis of cross section of wire, such as, for 
example, the long side of rectangular-section wire 
B = total angle of bending in the wire of the spring 
b = minor axis of cross section of wire, such as, for 
example, the short side of rectangular-section wire 
C, C,, C2 = constants in the various equations of the Appendix 
E = modulus of elasticity in tension or compression 
G = modulus of elasticity in shear or torsion 
H = total height of effective portion of the spring 
Hy = initial value of H 
dH = small change in total height of effective portion of the 
spring 
I = moment of inertia in bending 
J = coefficient measuring torsional stiffness for a given 
cross section. For circular but not for other cross 
section, J = polar moment of inertia 
K =a coefficient used in shearing deflection formula 
which is dependent on the shape of the cross section. 
For circular or elliptical shapes, K = 1.11. For rec- 
tangular shapes, K = 1.20. 
L = actual developed length of wire in the effective por- 
tion of the spring, in. 
= applied load on the spring, lb 
= small increment of applied load 
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p = pitch of the coil = distance from center line of the 
wire to the center line of the wire of adjacent coils 
R = mean radius of the coil, i.e., from the central axis 
of the coil to the center line of the wire 
Ro = initial value of R 
dR = small change in the radius of the coil 
r = radius of the wire 
T = total angle of twisting in the wire of the spring 
® = pitch angle of the coil; tang = p/2rR 
oo = initial value of ¢ 
d@ = small change in the pitch angle of the coil 
6 = central angle at the axis of the coil corresponding to 
the total effective length of the wire 
4% = initial value of 6 
dé = small change in the central angle 6 


Appendix 


DERIVATION OF DEFLECTION EQUATIONS FOR SIMPLE 
HELICAL SPRINGS 


Imagine a loosely coiled cylindrical helical spring made of 
wire, rod, or tube of any cross section suspended below a hori- 


v 


Fig. 7 Loosguy CyLInpRICAL HELICAL SPRING SUSPENDED 
BeLow A HorizontTaL SuRFACE AND ATTACHED TO THAT SURFACE 
aT Z so THAT THE AXIS OF THE SPRING Is IN A VERTICAL Pos!TION 


zontal surface and attached to that surface at Z as shown in Figs. 
7a and 7b, so that the axis of the spring is in a truly vertical 
position. Assume a uniform coil diameter and uniform pitch 
angle, and one end of the spring free to rotate. The wire of the 
coil will make an angle with the horizontal equal to ¢, the pitch 
angle of the spring. 
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The elongation dH of this spring under a force dP of minor 
magnitude is 


R KL L 
dH =d —— cos? — sin? — cos? — gin’ 


Within the bracket of Equation [1], the first term represents 
the effect of torsional twist in the wire of the spring, the second 
term represents the effect of the bending moment, the third term 
represents the effect of direct shear, and the last term represents 
the effect of direct tension upon the wire. 

The customary equation for the deflection of a helical exten- 
sion or compression spring, which is 


Elongation = H — Hy = —— 


may be derived from Equation [1] by neglecting all but the first 
term within the brackets, and treating cos@ as unity. The 
negative error due to neglecting the other terms in the brackets 
of Equation [1] is counterbalanced partly by the positive error 
in assuming cos¢ as being equal to unity. 

In Equation [1], R, ¢, and to a much lesser degree L, vary as 
H and P change. Therefore, Equation [1] is rigorously correct 
only for differential values of dP. To obtain an expression of 
more general applicability, it will be necessary first to derive 
equations for the relations between R, ¢, and H, substitute such 
equations in Equation [1], simplify, and integrate. The simplest 
way to accomplish this is to look at the spring from a viewpoint 
slightly different from that customarily used. 

In order to coil a flat or round wire into the shape of a true 
spiral the length of which corresponds to a horizontal angle @ and 
the coils of which all lie in the same horizontal plane, it is neces- 
sary to curve an initially straight wire through a total angle @ 
about an axis which is perpendicular to the plane of the spiral 
and therefore perpendicular to the axis of the wire. In order 
to coil a similar wire into the shape of a helical spring with a 
total horizontal angle @ and pitch angle ¢ as shown in Fig. 7c, 
the wire must be curved through the same total angle 6, but this 
time it must be curved about an axis which is at or parallel with 
the axis of the spring and which makes an angle of 90 deg — ¢ 
with the axis of the wire. The operation of curving the wire 
about an oblique axis may be best thought of as the equivalent 
of putting the wire simultaneously through combined bending 
and twisting operations, the bending being about axes normal to 
the wire, and the twisting being about the axis of the wire itself. 
By use of a vector triangle of angles, similar to a vector triangle of 
forces, it may be shown that if @ represents the total angle of 
curvature of the helical spring in radians, as projected on a plane 
perpendicular to the axis of the coil, the total angle of bending B 
will be 


Angles B and T are total angles representing the summation 
of the differential angles of bending and twisting in successive 
short elements of length in the total length of the effective portion 
of the spring. 

The application of a load dP to the spring produces bending and 
twisting throughout the length of the wire, therefore causing 
changes in the total angles B and T with corresponding changes in 
6 and ¢. 

The cumulative angle in radians of bending rotation dB 
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throughout the length of the spring which results from the ap- 
plication of a load dP may readily be shown to be 


dL _ RL sing aP 


Similarly, the cumulative angle of torsional rotation d7’ 
(6} 


GJ GJ 


Differentiating Equations [3] and [4] and combining them 
with Equations [5] and [6], it is found that 


dB = dé — 0 sing do = —(RL sing dP)/EI........ (7] 
and 
L cos¢ d 


The negative sign is used in the right-hand side of Equation [7] 
since the applied load dP tends to open the coil rather than close 
it. 
The following relations also exist 
{9} 


Making use of Equations [7], [8], and [10], it can be shown 
that 


dé = RL sing cos¢ dP (2 {11] 


and 


Gl * EI 


R*dP cos*@ 


Ignoring the slight change in length due to the direct tensile 
force on the wire, the total length L of the wire remains constant. 
Differentiating Equation [10] it is found that 


— L sing dg = Rdé + OdR................ {13] 


Values for @, d#, and d¢ are given in Equations [19], [11], and [12], 
respectively. If these values are substituted in Equation [13], 
and if Equation [13] with these substituted values is solved and 
rearranged, it is found that 


Differentiating Equation [9] gives 
{15] 
If the value of d¢@ from Equation [12] is substituted in Equation 
208? sin? 


Equation [16], combined with appropriate terms for the effect of 
direct shear and tension, served as a foundation for Equation [1]. 

Replacing cos*@ by (1 — sin*¢) in Equation [1], rearranging, 
and omitting the term L sin*¢ {[(K/GA) — (1/EA)| which is of 
decidedly minor magnitude 


dH RL KL 


Direct-shearing deflection has an appreciable effect upon the 
change in the pitch angle dg. To allow for this deflection, Equa- 
tion [12] must be modified to read 


do = R? E | K cos@ 
dP cose L GJ EI 
Its effect upon the radius R of the coil and upon the total angle 4 
is balanced by the accompanying effect of direct tension. There- 
fore, it is not necessary to change Equations [11] and [14]. 
Dividing Equation [14] by Equation [18] to eliminate dP, and 
ignoring terms containing the factor tan’, since it is possible 
to omit them without changing appreciably the result, it is found 
that 


R tang 21 + tan*@ 
dR_ 2— GJ /EI 
de l K +- KJ/AR? 


* * EI 
R tang... [19] 
Substituting Ro, the initial value of the radius of the coil, for the 


variable value in the small term AJ /AR?, rearranging and in- 
tegrating between the limits of R and Ro, and ¢ and ¢p 


R s— GJ/EI 


Equation [20] can be written in the alternative form of 
2— GJ/EI ) 
1+ KJ/ARo? 
R, costo (21] 


sin? 
But cos@ = 1 —2 sin? (¢/2) = 1 — = nearly, since @ is a small 


angle and sin(¢@/2) = sing/2 nearly. Since, from Equation 
(9], H = Lsing 

cos@ = 1 — (H?/2L?), nearly.............. [22] 
Similarly 

cos¢dy = 1 — (Ho?/2L?), nearly.............. [23] 


The substitution of Equations [22] and [23] in Equation [21] 
gives 

2—GJ/EI ) 

1+ KJ/ARo? 


R H? — 
24] 
Ry 2L? — H.? 


Equation [24] may be simplified by expanding it, using the bi- 
nomial theorem, to read 


R_ |__| | He 


The length of the wire L is always much greater than H or H», 
the height of the spring. Therefore, the fraction (H? — Hy’) 
(2L? — H,*) is very small. Hence, the series in Equation [25] 
will converge rapidly and all the terms beyond the second 
term may be neglected. Simplifying Equation [25] and _re- 
arranging 


2--GJ/EI H? — H,* 
= Ro— Ro| || He | ~ — Ce (28! 


: 
: 
2 
he : 
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where C temporarily represents the term 
2--GJ/EI H? — 
C= - [27 | 
+ KJ /A 2L? H,? 
Equation [17] may be rewritten in the form 
dH RL GJ KL 
iP GJ \* 


Replacing R in Equation |28] by Ry (1 


.. [28] 


-C) as given in Equation 


(26 | 
uP GJ EI) |* AG 


.. [29] 


‘The terms in Equation [29] involving C? and C sin*¢ are so small 
compared to other terms in the equation, because C and sin’ 
are both small quantities, that they may be neglected. There- 


fore 
uP GJ El AG 


Replacing C in Equation [30] by its equivalent as given by 
Equation [27] and substituting 7?/L? for sin’@ from Equation 
Equation [30] becomes 


dH Reh 2 GJ/El) Ho? KL 
= 1+2 + 
dP GJ 1+ \2L? AG 


{30 | 


2(2—GJ/E1) 1—GJ/EI H 
GJ LU + KJ/AR,*) (2L? L? 
= . [31] 


where C; and C, are constants such that 
2—GJ/E 
GJ 1+ KJ/AR? 2L? — AG 


The term C,, which is proportional to the rate of change of the 
stiffness of the spring, is very small compared to C,, which is 
more nearly a measure of the stiffness itself. 

Rearranging Equation [31] and performing the indicated 


division 
dH C,H? C.HY 
CdP = : H 
CH? 
= + C Jun [34] 
1 


Integrating Equation [34] between the limits 0 and P, and Ho 
and H, and rearranging 


Cy 
C,\P = (H — Ho) E + 3c (H? + HH, + ney. [35] 
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By a further approximation, Equation [35] can be written in a 
more convenient form such as 
C\P 
— 
1+ (H? + HH, + He) 


C2 
=P E 3 (H? + HH, + ny | nearly....... 


Substituting in Equation [36] the equivalent of the terms 
C, and (:, as given by Equations [32] and [33], respectively, 


GJ(2L? — Ho) | 1 + KJ/ARe? 
KLP 2(2 — GJ/EI) 
AG. (1+ KJ/AR.) 
1 — GJ/EI 
| [H? + HHo + [37] 


Compared to 2L?, the value of Ho? is very small. Also AJ/AR,? 
is very small compared to unity. The substitution of 2Z? for 
(2L* —- Ho?) in Equation [37] would cause a small positive error 
and the substitution of unity for (1 + AJ/AR,?) would cause a 
small negative error of approximately the same magnitude, 
neither error being of importance, while the equation would be 
simplified greatly. Making these substitutions in Equation [37] 
and rearranging 


PREH? KLP 
H, = — (2 — GJ/EI 
(3 — 2GJ/El) + HH, + Hi)........ [38] 


The initial rate of elongation may be obtained by dividing 
Equation [39] by Pand letting H approach Ho. As H approaches 


Hy 
Initial rate = (H — Hy)/P 


R?L KL 

2—GJ/ — 3—2GJ/ 
a." 
R&L KL 


If Equation [39] were multiplied by P, and if the product were 
subtracted from Equation [38 ] 
Deviation = (H -—— Ho) —- (P &X initial rate) 


3GJ L 


(3 — 2GJ/El) (H? + HHy — 2H0*)......... [40] 


Equation (40] gives the deviation or difference between actual 
elongation and the elongation which would have occurred had 
the initial rate been maintained. This deviation is shown as D in 
Fig. 5. 

The total elongation under a load of P Ib 


= (P X initial rate) + deviation............. [41] 
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Results of laboratory tests show that purified sodium 
hydroxide will not produce cracking of steel test specimens 
in short-time tests, whereas technical sodium hydroxide 
made by the lime-soda process will produce cracking. 
When the impurities present in the technical sodium 
hydroxide are added to the purified caustic and then used 
in tests, the specimens crack. It appears that when silica 
is present in sufficient amounts along with the pure caustic, 
cracking will take place. However, when smaller amounts 
of silica and small amounts of calcium, magnesium, and 
aluminum are added to the pure caustic, cracking will 
also take place. These results indicate that it is appar- 
ently necessary to have one or more catalysts present in 
the sodium-hydroxide solution in order to cause cracking 
within a reasonable period of time. 


OR THE past 30 years the Engineering Experiment Station 

of the University of Illinois has been interested in the in- 

vestigation of the cause and prevention of embrittlement 
in steam boilers. During the period between 1924 and 1930, 
extensive research was conducted on this problem. In the last 
year additional work has been carried on, and the following is 
a brief summary of the results obtained. 

The steel tested was the regular flange steel referred to in Bulle- 
tin No. 216 of the Engineering Experiment Station, University 
of Illinois, and the apparatus used was that described in the 
same bulletin.‘ The previous work has shown that the steel 
test specimens cracked when stressed in contact with a con- 
centrated solution of sodium hydroxide. In the present in- 
vestigation the steel was spring-loaded so as to have an average 
stress of 50,000 lb per sq in. in all tests, and the steam pressure 
in the bombs was held at 500 lb per sq in. gage. The composition 
of the caustic solution was varied. Samples of technical, U.S.P., 
and reagent-grade sodium hydroxide made by different manu- 
facturers, and by different processes, were tested. The amount 
of sodium hydroxide used in the solutions for the tests was a 
20 per cent solution, or 250 g per | of water. When the technical 
sodium hydroxide made by the lime-soda process was used, the 
steel specimens cracked as shown in Table 1 in the same time 
and manner as described in the work already reported. When 


1 Reported before the Joint Research Committee on Boiler Feed- 
water Studies. The investigation reported on was conducted under a 
cooperative agreement between the Utilities Research Commission, 
Inc., Chicago, Ill., and the Engineering Experiment Station, Uni- 
versity of Illinois, Urbana, Ill. The results of the investigation are 
released by permission of both parties of the cooperative agreement. 
The Special Research Committee on Boiler Feedwater Studies is 
appointed jointly by the American Boiler Manufacturers Association, 
American Railway Engineering Association, American Water Works 
Association, Edison Electric Institute, the American Society for 
Testing Materials, and THe AMERICAN Society oF MECHANICAL 
ENGINEERS, to study methods of analysis and treatment of boiler 
feedwater for stationary and railroad practice. 

j * Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the University, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science, and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 
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New Laboratory Data Relative to Embrittle- 
ment in Steam Boilers 


By F. G. STRAUB? anno T. A. BRADBURY,? URBANA, ILL. 


the reagent grade of sodium hydroxide (made by three different 
manufacturers) and the technical grade made by tbe electrolytic 
process were used, the specimens did not crack. Likewise, 
when U.S.P. sodium hydroxide, furnished by two different 
manufacturers, was used, no cracking occurred. In 1925 tests 
were made using U.S.P. sodium hydroxide, but cracking took 
place. This difference in behavior is considered as due to the 
presence of some impurity in the present-day technical and in 
the older U.S.P. caustic. The analyses of several technical and 
reagent grades of caustic sodas are given in Table 2. 

Tests were then run to determine the cause of this differ- 
ence in action of the various grades of sodium hydroxide. 
The difference is due apparently to one or more of the im- 
purities present in the technical caustics acting as a catalyst. 
However, it is also probable that in purifying the caustic, an 
inhibitor has been added. If the first assumption is true, it 
should be possible to add the impurities present in the technical 


TABLE 1 RESULTS OF TESTS USING VARIOUS GRADES OF 
SODIUM HYDROXIDE 
NaOH used, Process of Results of 
No. grade manufacture tests 
1 Technical Lime soda Crack 
2 Technical Lime soda Crack 
6 Technical Electrolytic No crack 
7 Technical Electrolytic No crack 
8 Technical! Electrolytic No crack 
3 Reagent No crack 
4 Reagent No crack 
5 Reagent No crack 
9 U.S.P. No crack 
10 U.8.P. No crack 
Nore: Specimen spring-loaded to 50,000 |b per sq in., and the steam 


pocenens held at 500 Ib per sq in. gage. There were 250 g of the sodium 
ivdroxide to be tested added to 1000 g of water, and then the solution was 
placed in the test bomb. 


caustic to the purified caustic and cause the steel to crack. Tests 
were run attempting to do this. Thus carbonate, chloride, 
sulphate, silica, aluminum, calcium, magnesium, iron, man- 
ganese, and copper were added separately to the reagent-grade 
caustic No. 3, in amounts similar to their occurrence in the 
technical caustic which had caused cracking. The steel did 
not crack in any of these tests. Steel tested in between these 
tests, but using technical caustic No. 2, cracked in the regular 
manner. A sample of the technical caustic No. 2 was then 


mission, Inc., on boiler-feedwater treatment for the last eleven 
years at the University of Illinois. This has included work on 
determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a _ study of the methods of preventing 
scale in high-pressure boilers. 

3 Graduate student in Chemistry, University of Lllinois, Urbana, 
Ill. 

4“‘Embrittlement in Boilers,” by F. G. Straub, Engineering 
Experiment Station, Bulletin No. 216, October, 1934, University of 
Illinois, Urbana, III. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting of THz AMERICAN 
Society oF MecHANICAL ENGINEERS, held in New York, N. Y.. 
December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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TABLE 2. CHEMICAL COMPOSITION OF VARIOUS GRADES OF SODIUM HYDROXIDE TESTED, 


IN PER CENT 
Sample No. 1 2 3 4 5 6 7 8 
Tech. 

Grade Tech. Tech. Reagent Reagent Reagent _—_. Tech. 50 per cent 
Form Flake Powder Pellet Stic Stick Powder Flake solution 
Process of Lime- Lime- Electro- Electro- Electro- 
manufacture soda soda lytic lytic lytic 
NaOH 98.6 96.0 95.0 98.9 96.0 94.0 98.76 50.00 
NaoCO; 0.65 0.86 1.75 0.60 2.0 2.0 0.60 0.10 
Ce | 0.23 0.60 0.010 0.007 0.005 0.07 0.30 
CO, 0.24 0.05 0.005 0.007 0.005 0.068 0.001 
SiO. 0.20 0.28 0.020 0.015 0.020 0.02 0.02 0.005 
0.008 0.006 0.002 0. 0008 

e 0.001 0.0006 0.002 0.0005 0.002 0.001 0.0005 
CaO 0 = 0.023 0.002 0.0005 
MgO Tra 0.002 0.004 0.001 
Mn 0. 0002 0.0003 0.0001 0.00005 
Cu None 0.00001 0.0001 0.00005 
Ni 0.0003 None 0. 00002 0.00001 


prepared by making a 50 per cent solution of it with water, 
filtering to remove the precipitated impurities, and then making 
the test solution from the filtrate. Under these conditions 
cracking could be prevented. This appeared to indicate that 
the impurity, or impurities, causing the action may be pre- 
cipitated from a 50 per cent solution, and that the difference in 
action is due to the presence of these chemicals. 

A test was then run using reagent-grade caustic No. 3, and 
adding to it the impurities present in the technical caustic in 
equal amounts. The steel cracked. Several more tests run 
under similar conditions also cracked the steel. Additional 
tests were then run in which the chemicals present were elimi- 
nated one by one. The final tests and the results obtained are 
given in Table 3. 

TABLE 3 RESULTS OF TESTS USING REAGENT AND U.S.P. 
GRADES OF SODIUM HYDROXIDE, TO WHICH VARIOUS 
CHEMICALS HAVE BEEN ADDED 
—NaQOH used—.—Chemical added as per cent of total NaOH— Results of 


Grade No. SO. Cl SiO: CaO MgO AbhOs; tests 
Reagent 3 0.055 0.24 0.12 0 pei 0.002 0.006 Cracked 
Reagent 3 0.055 0.24 0.12 0.022 + 0.006 No crack 
Reagent 3 0.055 0.24 0.12 0.022 0.002 pr No crack 
Reagent 3 0.055 0.48 0.12 0.002 0.006 No crack 
Reagent 3 0.055 0.24 ; 0. 022 0.002 0.006 No crack 
No caustic 0.055 0.48 0.12 0.022 0.002 0.006 No crack 
Reagent 3 0.22 No crack 
Reagent 3 0.41 No crack 
Reagent 3 0.57 Cracked 
Reagent 4 0.22 No crack 
Technical 6 0.22 Cracked 
Reagent? 3 0.083 0.72 0.19 0.033 0.003 0.008 No crack 


Nore: Specimen spring-loaded to 50,000 lb per sq in., and the steam pres- 
sure held at 500 lb per sq in. gage. There were 250 gz of the sodium hy- 
droxide added to 1000 g of water, and the other chemicals added to the solu- 
tion, as noted. 

® There were 100 g of sodium hydroxide used in this test. 


The results of these tests appear to indicate that if any one 
chemical is added to the reagent-grade caustic No. 3, in amounts 
equal to that in which it occurs in the technical caustic, it will 
not cause the steel to crack. However, if the silica, calcium, 
magnesium, and aluminum are all present, the cracking takes 
place. If the silica content is increased to an amount higher 
than that in which it occurs in the technical caustic, cracking 
takes place. These results might be interpreted to indicate 
that there are one or more chemicals which, if present along with 
the sodium hydroxide in sufficient amounts, will cause the crack- 
ing. The presence of caustic appears to be necessary, and the 
otber chemicals apparently catalyze the reaction. 

If one or more of these chemicals accelerate the action of the 
caustic on the steel, the practical application of these data 
might be far-reaching. This opens up a new field of investiga- 
tion which should aid materially in finding the fundamental 
action taking place, and the reactions which prevent its occur- 
rence. 

All of these chemicals are present in natural waters in amounts 
sufficient to bring about this action in the average boiler, if 
sufficient sodium hydroxide is also present. Thus, if the sodium- 
hydroxide content of a boiler water were 100 ppm and the silica 
content 0.6 ppm, or if there were present 0.12 ppm of SiOz, 0.02 
ppm CaO, 0.002 ppm MgO, and 0.006 ppm AI,O;, the crack- 
ing could take place. These amounts of the impurities are 
present in practically all boiler waters. 

Further research is being conducted in order to obtain more 
data. In the meantime, the power-plant operators may con- 
tinue to follow the A.S.M.E. Boiler Code Committee’s recom- 
mendations with a feeling of assurance, since no available data 
conflict with their recommendations. 
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Discussion 


Stresses in Three-Dimensional 


Pipe Bends’ 


A. E. R. pg Jonce.* The problem of stresses in bent pipe 
lines is one that has occupied the.minds of some of the ablest 
engineers for a long time. It would serve no useful purpose to 
give here a historical review of this problem. To some extent, 
such a survey has already been given by W. H. Shipman.* The 
problem has proved a rather knotty one, for some errors have 
been committed in the past, and to the writer’s knowledge a 
correct solution of the general problem in space has not yet been 
given. 

The problem, when piping is in a single plane, is relatively 
simple and has found various solutions, notably those by Pro- 
fessor Hovgaard;* A. M. Wablé and discussers; W. H. Shipman;* 
C. T. Mitchell;* P. FE. Todd;? Messrs. S. Crocker and A. 
McCutchan;* Messrs. i. T. Cope and E. A. Wert,® and dis- 
cussers; R. H. Tingey;!® and Messrs. 8S. W. Spielvogel and S. 
Kameros.!! 

These solutions are not very simple, however, and, in practical 
application, require a good deal of time. Being mindful of 
Lord Kelvin’s words that ‘‘a problem is never solved until it 
has been reduced to its simplest terms,” a simple solution has 
been sought by the writer and was found in 1924 by using the 
ellipse of elasticity. This solution was outlined by the writer 
in his discussion’? of the paper by Messrs. Crocker and Mc- 
Cutchan.* A paper, as yet unpublished, explaining this solution 
has been prepared by the writer. The exposition of the solution 


1 Published as paper FSP-57-12, by William Hovgaard, in the 
October, 1935, issue of the A.S.M.E. Transactions. 

? Babcock & Wilcox Company, New York, N. Y., and Lecturer at 
the Polytechnic Institute of Brooklyn, N. Y. Mem. A.S.M.E. 

3“Design of Steam Piping to Care for Expansion,’ by W. H. 
Shipman, Trans. A.S.M.E., vol. 51, part 1, 1929, paper FSP-51-52 
and discussion, pp. 415-446. 

‘The Elastic Deformation of Pipe Bends,”” by W. Hovgaard, 
Journal of Mathematics and Physics, Massachusetts Institute of 
Technology, vol. 6, no. 2, 1926, pp. 68-118. 

' “Stresses and Reactions in Expansion Pipe Bends,”’ by A. M. 
Wahl, Trans. A.S.M.E., vol. 49-50, 1927-1928, paper FSP-50-49 
and discussion, pp. 241-262. 

6 “Graphic Method for Determining Expansion Stresses in Pipes,” 
by C. T. Mitchell, Trans. A.S.M.E., vol. 52, part 1, 1930, paper 
FSP-52-25, pp. 167-176. 

7™“Piping Handbook,” by J. H. Walker and S. Crocker, second edi- 
tion, McGraw-Hill Book Company, New York, N. Y., 1931. See 
“Grapho-Analytical Method,” by P. E. Todd, p. 521, which is 
included in a section on ‘Elastic Properties of Straight Pipe and 
Bends,” by 8. Crocker and A. McCutchan, pp. 517-570. 

5 “Frictional Resistance and Flexibility of Seamless Tube Fittings 
Used in Pipe Welding,’ by S. Crocker and A. McCutchan, Trans. 
a vol. 53, 1931, paper FSP-53-17 and discussion, pp. 215- 

*“Load-Deflection Relations for Large, Plain, Corrugated, and 
Creased Pipe Bends,” by E. T. Cope and E. A. Wert, Trans. A.S. 
M.E., vol. 54, 1932, paper FSP-54-12, pp. 115-159. 

‘© “Stresses in Piping,” by R. H. Tingey, Marine Engineering and 
Shipping Age, vol. 39, 1934, pp. 136-140. 

“Application of the Elastic-Point Theory to Piping Stress 
Calculations,” by 8. W. Spielvogel and 8S. Kameros, Trans. A.S.M.E., 
vol. 57, 1935, paper FSP-57-10, pp. 165-168. Also discussion of this 
paper, Trans. A.S.M.E., vol. 58, February, 1936, pp. 131-134. 

*? Discussion by A. E. R. de Jonge of ‘‘Frictional Resistance and 
Flexibility of Seamless Tube Fittings Used in Pipe Welding,” by S. 
Crocker and A. McCutchan, Trans. A.S.M.E., vol. 53, 1931, paper 
FSP-53-17, pp. 234—237. 
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is rather lengthy due to the explanation of certain methods of 
projective geometry, unfamiliar to many engineers, but the 
actual application of the method is exceedingly simple, since 
it is completely graphical, and has the advantage of offering 
several checks regarding its accuracy. 

The solution of the problem in space has been attempted by 
Messrs. Shipman,* C. T. Mitchell,* Messrs. Crocker and Mc- 
Cutchan,* and in the paper under discussion. Undoubtedly, 
the solution of this problem in space is far more complicated 
than one where the piping is in a single plane. 

Professor Hovgaard believes that an algebraic solution is 
justified if there are not too many bends and straight lengths. 
Otherwise, he advocates a graphical solution. What this 
graphical solution consists of and how it is to be carried out, 
Professor Hovgaard has, unfortunately, not mentioned. His 
statement, however, that algebraic methods must underlie all 
graphical solutions cannot be accepted, because, the methods of 
the elasticity-ellipse, and, in space, of the ellipsoid of elasticity 
do not require any algebraic solution. 

Professor Hovgaard does not claim that the solution he pre- 
sents is a “rigorous solution,” but only that it is a “fairly rigorous 
solution,” for he neglects what he valls the “minor local rotations” 
of the bends. A higher degree of accuracy, he claims, may be 
obtained by the trial-and-error process, which he indicates. A 
similar degree of accuracy is obtained by the solutions of Mitchell* 
as well as Messrs. Crocker and McCutchan,* who, in fact, like- 
wise neglect this minor rotation. 

There exists, however, an exact, or, as Professor Hovgaard 
terms it, a rigorous solution of the problem in space by means 
of the elastic center, which was given by Th. Abel.'? In the form 
in which it was presented, it does not take bends into considera- 
tion, but it is perfectly feasible to extend it so as to include 
bends. In fact, this solution is nothing but the analytical ex- 
pression of the method of the ellipsoid of elasticity which, as 
already stated, has been used by the writer. 

When going into detail in discussing Professor Hovgaard’s 
paper, it seems that it was hardly necessary to repeat, in the 
first part, the deductions for quarter bends which were pub- 
lished as part of the writer’s discussion" of the paper by Messrs. 
Crocker and McCutchan,® in a far more comprehensive form. 
All Professor Hovgaard has done is to place his system of co- 
ordinate axes through the fixed end of the bend instead of through 
the center of curvature of the bend as was done by the writer. 
Professor Hovgaard’s results for the deflections and rotations 
are naturally the same because the location of the coordinate 
axes has no influence thereon, and this part of his analysis 
simply constitutes unnecessary duplication. 

The author’s description of case 1V is not clear to the writer. 
The question is whether he intends to find the deflection and 
rotations at A in Fig. 5 of the paper, produced by a force F 
acting on the point A of the bend, but located at O along the 
Z-axis. In that case, one would have to assume that a rigid 
member be connected to the bend at A, extending to O, and that 
the force F is acting on this member at O (see Fig. 1 of this dis- 
cussion). If this understanding is correct, then the author's 
deductions are correct. However, this is not what he states, 


13 “Beitrag zur statischen Untersuchung von raumlichen Hoch- 
druckrohrleitungen bei Temperaturinderungen,” by Th. Abei, dis- 
sertation, Technical College of Aachen, Germany, 1933. 
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but rather what the writer assumes that he means. In that 
case, two equal and opposite forces may be applied at A and C 
as shown in Fig. 1 of this discussion, which, together with the 


-F 


+F 


Fie. 1 


original force F at O, form two moments —M, and +M,, leaving 
a free force F acting at A. 

This case, then, is nothing but a superposition of the author’s 
eases I, II, and III, and the results could have been obtained, 
without further analysis, by a simple addition of the components 
as given in Table 1 of this discussion. 


TABLE 1 
Deflection Rotation X Rotation Y 
Free force Fat A... +1.248FR3/EI +0.506FR?2/EI —1.150FR?/EI 
Moment —Mz...... —0.506FR3/EI —1.806FR2/EI —0.150FR2/EI 
Moment +My...... —1.150FR3/EI +0.150FR2/EI +1.806FR2/EI 
—0.408FR3/EI —1.150FR2/EI +0.506FR2/EI 


However, if the author means what he says, i.e., that he 
wants to find the influence of the “couple” F-OA (moment) 
only, acting at A on the quarter bend, then his deductions are 
not correct, as he would not have a free force F acting at A. 
In that case, he would obtain only two moments —M, and 
+M,, and by their superposition he would get the values given 
in Table 2 of this discussion. 


TABLE 2 
Deflection Rotation X Rotation Y 
Moment —Mz —0).506FR3/EI —1.806FR?/EI —0.150FR?/EI 
Moment +My...... —1.150FR3/EI +0.150FR?/EI +1.806FR?2/EI 
—1.656FR3/EI —1.656FR2?/EI +1.656FR?2/EI 


From the author’s results, it is inferred that he meant the former 
case, although, at the bottom of page 405, he definitely states: 
“The effect of the two varying moments is the same as that of a 
force N acting in the Z-direction at B, ....’’ as shown in Fig. 7 
of the paper. To cal] this case IV a “fictitious” one, is in- 
correct, however, for it is a very real case if it is explained by 
the so-called “rigid-bracket theory.”” The analytical deduction 
for case IV was, therefore, superfluous, as the case is nothing 
but a superposition of cases I, II, and III. Professor Hovgaard 
could have obtained these results with much less effort by using 
either the writer’s formulas or Professor Timoshenko’s formulas 
as given in the closure" to the discussion of the paper® by Crocker 
and McCutchan. 

Little need be said about the remainder of the analysis. As 
is common in the analysis of structures, Professor Hovgaard has 
neglected the influences of the normal and the shear forces on 
the deformations. But even when neglecting these, the analysis 
is, of necessity, a lengthy and complex one, due to the many 
terms which have to be considered. A little simplification in 


14 Authors’ closure to discussion of ‘Frictional Resistance and 
Flexibility of Seamless Tube Fittings Used in Pipe Welding,” by 
8. Crocker and A. McCutchan, Trans. A.S.M.E., vol. 53, 1931, 
paper FSP-53-17, pp. 243-245. 


determining the deflections could have been introduced by 
using the deflection radii of the bends given in the writer’s 
discussion!? of the paper by Messrs. Crocker and McCutchan.* 

The minor rotations in the formulas for the rotations, which, 
by the way, amount to about 8.3 per cent for cases II and III, 
is necessarily neglected because otherwise the formulas become 
so complex that their solution becomes impracticable, if not 
altogether impossible. Professor Hovgaard has tried to overcome 
this difficulty by substituting the results, obtained by this 
simplified analysis, into the formulas for the minor rotations 
and then correcting the main formulas by the values obtained 
for these minor rotations. Keeping in mind the great simpli- 
fication in the algebraic setup obtained by this procedure, it 
must be admitted that this is a permissible simplification which 
will give fairly accurate results, although they are not absolutely 
correct. 

A little greater clarity in the arrangement would undoubtedly 
have been greatly helpful to the reader. 

After Professor Hovgaard has determined the reactions at the 
ends of the pipe line, it is an easy matter to calculate the stresses 
at any point. His statement that the maximum stresses will 
occur at the ends of the pipe line and at the bends is perfectly 
correct, and nothing needs be added regarding their calculation. 
The factor 8 was already introduced by Professor Hovgaard in 
one of his former papers and therefore does not need to be 
discussed again at this time. The calculation of the total 
stresses in the bends appears to be correct. 

A very appropriate discussion by Professor Hovgaard is thai 
on “Strength Criteria and Working Stresses,” particularly in 
view of the high pressures which have been used recently, in 
some cases, even beyond 1700 lb per sq in. The three-dimen- 
sional nature of the stress problem should not be lost sight of 
and the remarks and discussion by Professor Hovgaard of this 
three-dimensional problem can only be weleomed by the pro- 
fession as very timely. 

Some explanations should have been given by the author us 
to the reasons for selecting the maximum shear and the strain- 
energy theories in preference to any other theory of failure. In 
this respect, attention should be called to the very interesting 
paper by J. Marin,'* in which the various theories of failure 
are compared with one another. Since none of the failure 
theories published so far agrees well with the actual results 
obtained by tests, it should be kept in mind that the statement 
as to when plastic flow will occur under three-dimensiona! 
stresses must be considered very carefully, and it seems important 
to call attention to this fact. 

As to working stresses, the author states that these should 
not be greater than about one half the stress at the yield point. 
Whether this advice can always be followed if the effect of all 
the applied stresses and of stress concentrations is taken into 
consideration is doubtful. However, this method was followed 
in designing the penstocks at Boulder Dam and necessitated 4 
number of special constructions.'7 With regard to the other 
remarks by the author, it must be conceded that it is good en- 
gineering practice to use the equivalent stress as a strength cri- 
terion, although the high stresses which occur in the bends are 
a somewhat localized phenomenon. A point which Professor 
Hovgaard has not considered is the question of creep at high 
pressures and high temperatures, for creep is a helpful phenome- 


6 “*Tests on High-Pressure Pipe Bends,” by William Hovgaard, 
Journal of Mathematics and Physics, vol. 8, no. 4, 1929, pp. 293-344, 
Massachusetts Institute of Technology. e 

16 ‘‘Failure Theories of Materials Subjected to Combined Stresses, 
by J. Marin, Proceedings of the American Society of Civil Engineers, 
vol. 61, no. 6, August, 1935, pp. 851-867. ; 

17 “Penstocks for Boulder Dam,” by C. M. Day and Peter Bier, 
Mechanical Engineering, vol. 56, August, 1934, pp. 451-465. 
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non which lowers the maximum stresses that occur in the pipe line. 

The author further mentions the decrease of the modulus of 
elasticity at high temperatures. Some recent experimental 
data indicate, however, that this decrease is not quite as great 
as it is usually assumed.'* 

It is very interesting to see, from the numerical example 
presented by the author, what great amount of numerical calcu- 
lation is actually necessary to obtain the stresses in a pipe 
line in space. However, it must be kept in mind that the 
numerical calculation presented is only part of the actual cal- 
culations required, as certain parts have been omitted by the 
author. While the profession must thank Professor Hov- 
gaard for having undertaken the arduous task of tracing the 
various influences which determine the stresses in pipe lines not 
lying in one plane only, it cannot be said that the method pre- 
sented is simple and could be easily carried out, without mis- 
takes, by the average pipe designer. In this respect, it seems 
well worth while to extend to pipe lines with bends the simplifica- 
tions introduced by Abel! in using the elastic center. 


Sasin Crocker" G. A. Henprickson.”® The author has 
given a complete solution for the three-dimensional pipe line 
in space using algebra and calculus unsupported by graphical 
aids. In the following discussion the writers present a com- 
parison of this solution with others already in use, thus aiming 
to demonstrate their relative practicability. 

As a preliminary to this comparison a brief résumé of previous 
development will help to fix the elements of the problem firmly 
in mind. In the first papers presented on this subject the aim 
of the authors was to derive for piping in one plane a rational 
solution which would yield satisfactorily accurate results as 
demonstrated by actual tests of pipe bends with their ends 
fixed so as to simulate conditions in a real pipe line. After 
sufficiently authoritative methods were perfected for dealing 
with simple pipe lines, several investigators directed their 
attention toward solving problems involving pipe lines in space. 
Since the amount of computation required in the solution of a 
three-dimensional problem from basic principles involving the 
use of algebra and the calculus was found extremely tedious 
and the results unreliable due to the likelihood of numerical 
error in so vast an array of figures, several investigators turned 
their attention to (a) area-moment diagrams;’* (6) graphical 
solutions;*-#!22 and (c) the application, in cases where they 
fitted, of data read from graphs and tables prepared for certain 
predetermined 


18“Die fiinfjihrigen Betriebsergebnisse des 120 at—Kraftwerks 
der Ilse Bergbau A.-G.” (‘‘The Results of Five Years of Operation 
of the 1707 Lb per Sq In. Power Station at the Ilse Mine’), by O. 
Schone, Zeit. V.D.I., vol. 79, no. 23, June 8, 1935, pp. 707-717, in 
particular p. 713. 

19 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

2 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

21 ‘The Flexibility of Plain Pipes,” by J. R. Finniecome, Metro- 
politan-Vickers Gazette, vol. 10, 1928, p. 305, p. 327, p. 355, p. 377, 
and p. 397. Also, Engineer, vol. 146, 1928, pp. 162-165, pp. 199-200, 
pp. 218-219, and pp. 246-248. 

22“*The Graphical Determination of Expansion Thrusts and 
Stresses in Steam Pipes,” by E. B. Cocks, Institution of Civil Engi- 
neers Selected Engineering Paper No. 133, 1932. 

*3“*The Design of Piping for Flexibility by the Use of Graphs,” 
by E. A. Wert, 8S. Smith, and E. T. Cope, presented at the Semi- 
Annual Meeting of Tae AMERICAN SocieTy or MECHANICAL ENGI- 
NEERS, held in Chicago, Ill., June 26 to 30, 1933. 

24*‘A Manual for the Design of Piping for Flexibility by the Use 
of Graphs,” by E. A. Wert, S. Smith, and E. T. Cope, The De- 
troit Edison Company, Detroit, Mich., 1934. 

* “Pittsburgh Piping Design Manual,” by E. A. Wert and S. 
Smith, Pittsburgh Piping and Equipment Company, Pittsburgh, 
Pa., September, 1935. 


Despite the amount of attention given to the subject, the 
solution of pipe lines in space from basic principles still remains 
a task which must be reserved for those highly skilled in such 
computations. In the case of those shapes, however, which 
are susceptible to solution by graphical methods and where a 
square-corner approximation is deemed sufficiently accurate 
for the purpose, the time required for solution can be reduced 
to a matter of minutes rather than hours for even a three- 
dimensional problem. It is the aim of this discussion to define 
in so far as practicable the present usability of these various 
methods. 


ComPaARISON OF Proressor HovaaarD’s Metuop WITH OTHERS 


At this stage appears Professor Hovgaard’s paper in which 
he expresses a preference for the algebraic and calculus method 
when the pipe line does not contain too many radius bends. 
Although his solution is undoubtedly as accurate as any, it is 
handicapped both by the necessary integration, requiring a 
knowledge of the calculus while other methods may be solved 
by ordinary algebra, and by the large amount of arithmetical 
work required when the line makes several radius bends, which 
is true in many actual problems. 

Granting of course that further simplification will undoubtedly 
come in due time, each piping designer is confronted meanwhile 
with the necessity of choosing which method to adopt for his 
own use in solving flexibility problems. Being more or less 
familiar with several variations of the methods previously 
mentioned and wishing to determine which gave the easiest 
solution for a three-plane problem, such as that chosen for demon- 
stration by Professor Hovgaard, the writers undertook to solve 
his sample problem by several methods in order to compare the 
results and the time required to obtain them. 

Three of the methods considered in the comparison with 
Professor Hovgaard’s solution have been selected for presentation 
here. These are (1) the graphoanalytical method,’* because 
of its practicability and flexibility for working generalized 
problems; (2) the solution by graphs and tables,?*4:25 because 
of its simplicity and quick application to certain specialized 
shapes; and (3) the elastic-point method, because it offers 
promise for future development. The latter method is an 
extension to three dimensions of the method presented by 
Spielvogel and Kameros.'! In Table 3 of this discussion the 
reaction forces as computed by these methods are compared 
with Professor Hovgaard’s solution of his sample problem. 
Since the application of the elastic-point theory to three di- 
mensions is at present in a very undeveloped state, time does 
not permit an extensive demonstration of its merits. The 
writers are content, therefore, to present only an approximate 
solution by this method. Three variations of the grapho- 
analytical method are presented, however, since much of the 
work in each of these solutions is common to all and the method 
is extremely flexible in its application. All three grapho- 
analytical solutions given in Table 3 of this discussion were 
made from one setup of the problem using the area-moment 
diagrams to aid in visualizing which minor rotations should be 
neglected in each case. The principal characteristics of all of 
these methods are discussed in the following paragraphs. 

Graphoanalytical Method. The graphoanalytical method 
possesses several definite advantages over other generalized 
methods, among which are: (1) The numerous checks available 
on the accuracy of the work during the process of computation; 
(2) the existence of a graphical picture to accompany each step 
in the preparation of the reaction equations; (3) the greater 
ease of solution, especially by beginners; (4) the accuracy at- 
tainable in cases when accuracy is required; (5) the ability 
to extend its use to pipe bends following curves other than arcs 
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of circles, for which equations are not readily available; and (6) 
the area-moment diagrams also serve to show the best positions 
for joints with a view to avoiding high bending moments and the 
consequent high stresses in bolts and gaskets. All of these are 
interrelated and depend in some measure on the use of area- 
moment diagrams. 

When these diagrams are constructed and the areas checked 
there is little chance of numerical error to that point. Since 
the reaction equations are then written directly from these 
diagrams and the various terms checked off one at a time, the 
probability of omission is negligible. A further check is afforded 
in that, when the displacements from all major rotations have 
been included, the coefficient of Q in the r-displacement equation 
should be equal numerically to the coefficient of P in the y- 
displacement equation. A corresponding relation exists be- 
tween the other two pairs of coefficients not on the major dia- 
gonal. Thus in Equations [37] of the author’s paper, before 
the effect of minor rotations has been included, a2’ = 6;’. a3’ = 
yi’, and 83’ = 2’. This is a valuable check on the arithmetical 
work (or may be used to reduce the amount of arithmetical 
work required), and does not exist when the forces are applied 
as in the author’s method. At the conclusion of the computation 
to this point it is only necessary to add the displacements caused 
by minor rotations and the reaction equations are complete, 
with all coefficients checked except those on the major diagonal. 

The ease with which new workers may be trained is important 
enough to deserve special comment. The absence of any need 
for a knowledge of calculus in the graphoanalytical method 
greatly increases the number of designers who may undertake 
to make a computation of this kind. Moreover, a graphical 
picture enables any designer, and particularly a novice, to orient 
himself more quickly at any stage of the work. It follows that 
the novice can depend on his own resources with much less 
instruction than when the graphical representation does not 
exist. 

In regard to the accuracy attainable, the graphoanalytical 
method is second to none since the displacements caused by 
minor rotations as described in the present paper can readily 
be incorporated in the solution if desired. The same results 
are thus obtainable as in any other unabridged method including 
that of Professor Hovgaard. When extreme accuracy is not 
required, however, a simplified solution by the graphoanalytical 
method is more readily used and gives satisfactory results. 

The foregoing considerations have been presented in some 
detail as a comparison of two generalized methods. The elastic- 
point theory and a method using graphs of precalculated results 
should also be considered. 

Elastic-Point Methed. While the elastic-point method affords 
a generalized solution it is not as yet sufficiently developed for 
convenient use in three-dimensional problems. In its present 
state, this theory is useful chiefly in making extensions to other 
working methods. For example, it could be used to determine 
constants for use in the graphoanalytical method where the 
various straight elements of the line do not all lie in three mu- 
tually perpendicular directions. The method can be used for 
the detailed calculation of a generalized three-dimensional prob- 
lem, but the labor involved with the present state of develop- 
ment is tremendous. It has possibilities, however, for the event- 
ual evolution of a simplified solution. Even now some special 
cases yield to simple treatment by this method. 

In cases, for example, where the line is made up of straight 
elements in three mutually perpendicular directions joined by 
square corners, the elastic-point method gives a rapid and simple 
solution. Although this condition exists in few real pipe lines, 
it is approximated in many. The difference between the flexi- 
bility of a radius bend and that of a square corner required to 


replace it is usually small relative to the total flexibility of the 
line. The accuracy of this assumption increases as the ratio of 
the developed length of all radius bends to the developed length 
of the line decreases; a condition usually fulfilled in turbine 
leads and the like. It follows that in such cases the square- 
corner approximation is sufficiently accurate for design purposes. 
This point is illustrated by solution 5 in Table 3 of this discus- 
sion, where fair agreement may be noted with the value of 
1eaction forces computed by other methods, although the sample 
problem under consideration is a short line with almost one 
fourth of its total length in the radius bends. The square- 
corner approximation is readily made by the elastic-point 
theory. 

All methods, however, are relatively simple when applied to 
the square-corner approximation, and no method has any 
particular advantage over other methods in this case. The 
principal value of the elastic-point theory lies in the possibility 
of developing a simplified solution when applied to the exact 
contour of the pipe line. 

Solution by Ready-Made Graphs and Charts. Solution 6 in 
Table 3 of this discussion illustrates the ready-made type of 
solution, where results were precalculated by the graphoana- 
lytical method and then plotted for a wide range of geometrically 
similar problems. As in solution 5, the square-corner approxi- 
mation was used. The values given are taken from the data of 
Wert and Smith* as given on pages 48 to 52, inclusive, of the 
“Pittsburgh Piping Design Manual.’”’ As previously mentioned, 
this method has the advantage in that complete results are ob- 
tained in a few minutes as against a matter of hours by any of the 
generalized methods discussed here. There are, however, four 
definite limitations which should be mentioned: (1) Since only 
predetermined geometrical shapes can be treated, the computer 
must resort to generalized methods for shapes not covered in his 
particular manual unless he is content to guess at the results from 
consideration of a shape which looks something like the one in 
hand. (2) For the small number of special shapes considered 
it is usually necessary to resort to square-corner approximations 
for all radius bends. (3) Due to the restricted size of the graphs 
or tables in which the data must be presented, accuracy in 
reading off figures is limited and interpolation difficult to the 
extent that more than two significant digits in the results can 
seldom be obtained. (4) Since this method was devised prima- 
rily to account for thermal expansion of the line itself, it is not 
directly applicable to cases with externally applied movement 
at an anchor point such as a turbine flange. 

The magnitude of the error introduced through the last- 
named restriction depends on the ratio of internal and external 
expansive movements. Where the external movement is rela- 
tively small its effect can be approximated by combining the 
external movements with the corresponding internal movements 
in the same directions. Where the external movement is rela- 
tively large it is best to employ one of the generalized methods 
capable of dealing with such conditions. In actual piping de- 
sign, appreciable external movements exist in relatively few 
cases. 

Notwithstanding these limitations, there are many problems 
to which graphs and tables of this type are applicable and where 
their use saves time, particularly in the design of a large piping 
system. The sponsors of “Design by the Use of Graphs’’ con- 
tend that over 90 per cent of the problems encountered in actual 
design can be solved or approximated with satisfactory accuracy 
by their method. 

Variance in Results of Small Consequence. The discussion 
so far has dealt only with a comparison of different methods of 
obtaining computed values of the reactions and the relative 
ease of application. The results themselves show some variance 
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TABLE 3 COMPARISON OF METHODS FOR DETERMINING 
THE REACTIONS OF THE THREE-DIMENSIONAL PIPE 
STRUCTURE OF HOVGAARD'S SAMPLE PROBLEM 


-— Reaction forces 


Method No. P Q N Resultant? 
Graphoanalytical: 
rr 1714 1784 639 2555 
2 1716 1760 642 2541 
Unabridged@............. 3 1768 1850 629 2635 
4 1729 1916 640 2659 
Elastic-point/.. 1941 2062 699 2917 
Wert and Smithe.......... 6 1840 1820 625 2620 
~~ @ Resultant = v¥(P? + Q? + N*) = reacting force at anchor points 


Reacting moments not shown. 

+ Graphoanalytical solution as outlined by Messrs. Walker and Crocker’? 
and Messrs. Crocker and McCutchan® in which minor rotations due to 
constant moments are neglected. Minor rotations from forces or variable 
moments are accounted for. 

e Graphoanalytical solution extended to include the effect of all minor 
rotations in the displacement equations. Minor rotations produced by all 
constant moments are neglected in the moment equations. 

4 Unabridged graphoanalytical solution accounting for all rotations and 
displacements. 

e Solution given in the author’s paper. This differs from solution 2¢ 
in that the author has included some of the minor rotations produced by 
constant moments in his moment equations. 

J Approximate solution with radius bends replaced by square corners. 
All methods should give the same values for this condition. 

¢ Values read from graphs by Wert and Smith,” neglecting movements 
of anchor point. 
between different solutions, which is of small consequence in 
view of the usual discrepancies to be expected between computed 
and test results, or those resulting from variations in pipe ma- 
terial or dimensions obtaining commercially. Since in practice 
sufficient margin should be allowed for such variations, any of 
the solutions listed in Table 3 of this discussion usually would 
be considered a satisfactory basis for design. From this con- 
sideration alone the choice of method would be made wholly 
on convenience. A choice between the different methods, 
however, is not always made on the relative ease of application, 
but may sometimes depend on the accuracy requirements of the 
case in hand as well. In connections to a machine sensitive to 
thrusts, for example, it may be necessary to know very ac- 
curately the reaction of a short, rigid pipe connection. For 
this reason the unabridged or No. 3 solution given in Table 3 of 
this discussion was introduced to compare its accuracy with 
that of the simplified approximate solutions. Reference to 
Table 3 of this discussion tends to show that an unabridged 
calculation is unnecessary unless there is a considerable pre- 
ponderance of curved pipe. 

Relative Time Required for Solution. Some discussion of the 
relative amounts of time required for a solution by the different 
basic methods may be of interest. Since up to the present time 
the elastic-point theory has not been developed to a point 
where it can be conveniently used to solve problems in space 
involving the use of curved pipe except by the square-corner 
approximation, it has been omitted from this comparison. The 
amounts of arithmetical work required to obtain the equations 
of motion are almost identical by the author’s method and by 
the graphoanalytical method. There are, however, two con- 
siderations other than the arithmetic of obtaining the original 
equations which are decidedly favorable to the graphoanalytical 
method. Most important is the lesser amount of preliminary 
work required before computation begins, and of secondary 
importance is the form in which the equations are obtained. 
It is estimated from experience with the author’s sample problem 
that, for a worker equally competent to use both methods, a 
solution by the author’s method requires at least one third to 
one half more time than by the graphoanalytical method. 

A solution by the use of tables and graphs, as previously men- 
tioned, is much shorter than any other method and should be 
used where the requirements of the problem permit. 


CoNCcLUSIONS 


As a result of these comparisons, and others of less significance 
not included here, the writers contend that the graphoanalytical 


method is as yet unsurpassed as a working tool for the solution 
of pipe lines in space, except for those shapes susceptible to 
solution through the use of graphs and tables. Its practica- 
bility, relative simplicity, and accuracy are readily demon- 
strated. At the same time this method, although to a lesser 
degree than that offered in the present paper, is susceptible to 
criticism on the ground of requiring more time and skill for 
solution than seems warranted. 

In conclusion the writers wish to pay tribute to the untiring 
efforts of Professor Hovgaard extending over the long period of 
years during which he has endeavored to increase the knowledge 
available to engineers concerning the behavior of piping subject 
to thermal expansion. In the present paper, in addition to 
presenting a rigorous mathematical solution for a three-di- 
mensional pipe line in space, he has indicated several] refinements 
whereby the displacements from minor rotations can be taken 
into account in other methods as well as his own. The mathe- 
matical method he has adopted for his solution of the three- 
dimensional pipe line in space impresses the writers, however, as 
being more tedious than some of the other types of solution 
available. Without desiring to detract in the least from Pro- 
fessor Hovgaard’s paper the writers wish to point out that what 
is badly needed at this time is a less laborious way of determining 
the flexibility of a pipe line in space than any of the generalized 
solutions so far offered. Such a method is afforded for certain 
predetermined shapes by the ready-made solution using graphs 
and charts as presented by Messrs. Wert and Smith.*> It is to 
be hoped that eventually some short and reliable generalized 
method will be forthcoming as a result of the interest fostered 
in the subject by the Society. 


H. E. Mayrose.** It has been known for some time that the 
author’s Equations [3] to [17], inclusive, do not give the correct 
value for deflections and rotations of quarter bends under the 
action of forces or couples normal to their plane. Several at- 
tempts have been made to check them experimentally in order 
to obtain a factor for correcting the disagreement between the 
results obtained by use of the equations and by experiment. 

The writer became interested in the problem at the instigation 
of Professor Timoshenko whose general solution of the problem 
was published in the appendix to the authors’ closure’ to the 
discussion of a paper by Messrs. Crocker and McCutchan.* The 
discussion of this paper® brought out the fact that these equa- 
tions do not give correct results and the comments of the dis- 
cussers of that paper* made the problem one of considerable 
interest. At the suggestion of Professor Timoshenko the writer 
began a series of tests in an attempt to determine the exact 
variation of the deflections as obtained by the equations and as 
obtained in actual practice. In presenting a partial description 
of these tests and the results obtained, the writer suggests that 
a correction factor similar to 


K = (48h?R? + 10r*)/(48h?R? + r‘) 


which is applied to equations for two-dimensional pipe bends 
may be required for three-dimensional problems before the 
solution is complete. In this equation h is the wall thickness of 
the pipe, FR is the mean radius of the pipe bend, and r is the mean 
radius of the pipe. 

A careful study of this problem disclosed that many diffi- 
culties were to be found in applying the loads and moments to 
the specimens and in measuring the deflections with an ac- 
curacy that would be of any value after the results were obtained. 
In their study of pipe bends Bantlin, Hovgaard, Cope, Wert, 


26 Professor of Engineering Mechanics, University of Detroit, 
Detroit, Mich. Mem. A.S.M.E. 
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and others used large-size specimens of pipe and applied large 
loads. The prevailing opinion at the time seems to be summed 
up by Professor Bantlin in his discussion of a paper by W. H. 
Shipman® in which he states: “Such tests should be carried out 
only on pipe bends and piping of such dimensions and shapes as 
are actually used in commercial engineering which means that 
none of these tests should be made on models.” However, 
other investigators, namely, W. H. Shipman, A. M. Wahl, 
A. E. R. de Jonge, and others have used various-size models 
with various degrees of complication in their methods of loading 
and measurement of deflections and rotations. 


Fie. 2. Setup ror BenpinG TEsTs oF TUBES 


One of the difficulties has been the “fixing” of one end of a 
quarter bend so that it could definitely be said to be fixed. In 
the large-size samples especially, there has always been some 
doubt concerning the fixed end of the specimen. After con- 
siderable study, and after careful consideration of the previous 
work done on this problem and on the two-dimensional problem, 
the writer decided to use fairly small tubes and to use 180-deg 
bends instead of quarter bends. If a 180-deg bend were loaded 
symmetrically it would give the effect of two quarter bends with 
no doubt about the fixed end and double deflections for the loads 
which might be applied. 

The method of loading was determined by a study of the deri- 
vation of the formulas. It was seen that in this derivation the 
law of superposition was assumed to operate. If this were true 
there could be no objection to combining two or more of the 
cases under discussion in a single test, and again increasing the 
deflection to be obtained by the applied loads. Further study 
showed that the case of a quarter bend fixed at one end and loaded 
with a force normal to its plane at the free end (case I), and the 
case of a quarter bend fixed at one end and subjected to a twist- 
ing moment M, at the free end (case II) could be combined in 
a single test without much difficulty. 

For the first series of tests a number of samples of seamless 
tubes with an outside diameter of 1 in. with varying wall thick- 
nesses were selected. The thickness of the walls of the samples 
were 0.025, 0.049, 0.095, and 5/;s.; in. These thicknesses were 
selected with the hope that in the results some relation between 
wall thickness and variation between results as obtained by 
formulas and as obtained experimentally would show up. These 
tubes were tested in pure bending for the value of EJ to be used 
in theoretical calculations and then bent into 180-deg bends 
with radius of bend equal to five diameters of the tube. Here, 
as in Professor Hovgaard’s paper, it was assumed that if the 
bend were made with a radius of curvature equal to at least five 
times the diameter of the pipe, it would be unnecessary to take 
account of the fact that the neutral axis of the bend does not 
go exactly through the centroid of the section. 

No particular effort was made to have the bends made more 


accurate than usual commercial practice called for, or to avoid 
wrinkles on the inside of the bend with more than ordinary 
care. It can be said therefore, that except for the size of the 
tubes, commercial practice was followed in obtaining the samples. 

Before bending, each tube was tested in pure bending to de- 
termine the value for EJ so that the results of the theoretical 
formulas could be compared with the results of the experiments 
without the necessity of assuming values of EF or of computing 
values of J. Fig. 2 of this discussion shows the setup for this 
test, using deadweights for loads and dial indicators to measure 
deflection midway between supports. The dials are mounted 
on a bar supported on the specimen directly over the supports. 
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Clamps were made to hold the bends and for holding the dial 
indicators which were used to measure the deflections and to 
apply the load. The clamps were fitted to the bends and then 
fixed in place by taper pins reamed in place after the clamps 
were tightened to the bends. This is believed to have avoided 
all slipping of the clamps on the bends. Figs. 3 and 4 of this 
discussion illustrate the method of testing the bends. 

As shown in Fig. 3 of this discussion, it was thought necessary 
during the first series of tests to use two indicators to register 
the deflection of the bend. It can be seen that the method of 
loading produces a clockwise torque at the right-hand end of the 
bend and also an upward shearing force. Since the upward 
force was stationary it was expected that there would be no 
movement shown on the right-hand dial gage. However, as 
the test proceeded there was a reading on this gage due to the 
rotation of the entire specimen with reference to the block above 
the specimen. Comparison of the readings on the two gages 
corrected for this rotation and gave a true deflection between 
the ends of the 180-deg bend. 

It was noticed during the test that the ends of the bend rotated 
through equal angles, and it was discovered that edges of the 
clamps remained parallel at all times. Study of this property 
of the setup led to the belief that one dial would be sufficient 
if mounted on one clamp and applied to the edge of the other, 
both the mounting and the point of application being not too 
far from the ends of the pipe bend, so that bending of the clamps 
themselves would enter into the deflection. 

Fig. 4 of this discussion shows this revised setup, the sim- 
plicity of which made the reading of deflections much easier 
and more accurate, as only one gage had to be read. The readings 
taken with this new setup checked the readings taken with the 
two dials very closely. 

In all the tests the loads were small so that the elastic limit 
of the material was not exceeded. This was checked by care- 
fully removing the loads and reading the deflections by incre- 
ments as the loads were removed. In all cases the deflections 
returned to the initial readings when the load was removed. 

Repeated tests verified the results which are summarized in 
Table 4 of this discussion. 


TABLE 4 SUMMARY OF TEST DATA: DEFLECTIONS 
Tube Tube wall Experimental Theoretical P 
diam, thickness, deflection, deflection, Experimental 
in. in. in. in. Theoretical 
1.0 0.025 0.02325 0.0150 1.550 
1.0 0.049 0.02700 0.0224 1.205 
1.0 0.095 0.01750 0.0128 1.367 
1.0 5/32 0.02800 0.0184 1.520 
0.5 0.022 0.01150 0.0101 1.140 
0.5 0.049 0.01150 0.0098 1.173 
0.5 0.065 0.01020 0.0084 1.214 
0.5 0.095 0.00790 0.0068 1.162 
0.5 0.120 0.00730 0.0062 1.178 


After testing the 1-in. tubes and finding the variation from 
theory to be as summarized in Table 4 of this discussion, it was 
decided to conduct tests with a variety of 0.5-in. tubes. The 
smaller tubes were used because it was possible to get better 
bends and to give the straight parts the same heat-treatment 
that the bends received. Sample tubes were purchased from 
commercial stock and cut into two parts. One part was bent 
Py ,- 180-deg bend and the other part was left straight for testing 
or EI. 

The results of the tests showed that the theoretical formulas 
do not give the true value of the deflection in the case of pipe 
bends. 

The 1-in. tubes showed a wide variation in the results of the 
tests. This was due probably to the fact that it was impossible 
to test them all under the same uniform conditions that were 
used in the case of the 0.5-in. tubes. The fact that the 0.5-in. 
tubes were tested under exactly the same conditions, and that the 


part tested for EJ had exactly the same heat-treatment that 
was given the bends, may have had something to do with the 
consistent results obtained with the 0.5-in. tubes. 

This account of the writer’s tests is submitted with the hope 
that they will be of help in the solution of this problem, and that 
suggestions of different methods of attack will come before 
further work is done along this line. 


D. B. Wesstrom.?? The writer has heard it implied that an 
attempt should be made (1) to evaluate the effect of creep in 
pipe bends at high temperatures by studying the conditions 
which will produce creep, and (2) to calculate the amount of 
plastic flow. This prompts the writer to suggest that the 
conditions in a system of pipe bends in actual service should be 
reviewed carefully before deciding on a method of analyzing 
the problem mathematically. 

In many engineering problems concerning mechanical struc- 
tures at high temperatures it is important to determine the 
manner in which creep takes place and to compute the resulting 
changes in dimensions. This is true particularly where the 
plastic flow is cumulative and progresses to a dangerous extent, 
as in the circumferential fibers of a cylinder under internal pres- 
sure. In the case of a pipe bend, however, the writer does not 
believe it is necessary to make any creep calculations, but that 
it is necessary only to determine whether or not any creep 
occurs. In considering the transverse bending stress in a bend, 
it would appear that creep is to be avoided in order to guard 
against progressive flattening of the pipe cross section, resulting 
finally in complete collapse. This point could not be reached, 
however, unless the forces and couples acting on the system were 
maintained. This brings us to a consideration of the longi- 
tudinal stresses in the pipe. 

Suppose that a pipe-bend system were improperly designed 
in the sense that creep occurred as the system was brought up 
to service temperature, resulting in plastic deformation of the 
longitudinal fibers due mainly to bending. The amount of 
such deformation is of less practical importance than the fact 
that the system thus tends to stress-relieve itself, that is, the 
forces and couples acting upon it are reduced to a point where no 
further yielding can take place. 

Under these conditions a method of calculating the stresses in 
the system would be of little practical value if it were not for 
the fact that what happens when the system is shut down then 
becomes of first-rate importance. The system having stress- 
relieved itself, the tendency to contract on cooling sets up the 
original forces and couples in the reverse sense. These are built 
up to their maximum when the system has reached atmospheric 
temperature and cannot relieve themselves unless the yield point 
is exceeded, and only to that extent. 

In a pipe system improperly designed in the sense described 
by the writer, the situation is aggravated when cold springing 
during installation is employed to cut in two the amount of 
expansion for which provision must be made. If in such a case 
complete stress relief occurs at service temperature, a shut- 
down will require the system to absorb twice as much change in 
overall length at atmospheric temperature as it was thought 
capable of absorbing at service temperature. 

The foregoing considerations may help in explaining why 
difficulties are encountered at times with certain piping installa- 
tions, such as leakage at pipe joints, failure of expansion joints, 
overstraining of pipe anchors, and distortion of turbine casings. 
They may also indicate why these difficulties often manifest 
themselves when the system is again placed in service, as the 
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stresses due to pressure may be imposed while the system is still 
relatively cold and therefore may be added to the high contrac- 
tion stresses already present. 

Therefore, whether or not creep is a factor in any specific 
pipe-bend problem, the writer believes that a method of figuring 
the stresses under elastic conditions is of prime importance and 
that Professor Hovgaard’s paper is a valuable contribution to 
the subject. 

In these remarks an attempt has been made to set forth certain 
thoughts in regard to the actual conditions in pipe-bend systems 
which are believed to be generally overlooked and which will 
illustrate the writer’s previous statement that before deciding 
on the method to be used in a mathematical analysis of a 
practical pipe-bend problem, all the factors and conditions 
actually present should be reviewed carefully. 


C. W. MacGrecor.”* In this paper Professor Hovgaard has 
made a noteworthy contribution to the subject of three-di- 
mensional pipe bends. In connection with the determination 
of stresses in the pipe bends, the author makes use of two 
theories of strength, namely, the maximum-shear theory and 
the theory of the constant energy of distortion, the latter 
one of which is designated in the paper as the “strain- 
energy” theory. The writer feels that if the term “constant 
energy of distortion’ is applied to this condition of yielding 
there is less likelihood of confusing this theory with the total 
strain-energy theory originated by Beltrami and Haigh and which 
includes the energy due to volume change. The theory origi- 
nated by these two investigators is of course quite different from 
the one used in the paper. It is indeed interesting to note 
that the rule of constant energy of distortion is being applied 
by the author to such design problems and that it is thus finding 
more and more application in the pipe industry. In using this 
theory in the design of thin tubes under the action of internal 
pressure alone, an increase of 15.6 per cent in the allowable 
working stress over that prescribed by the maximum-shear 
theory is possible. This can result obviously in a considerable 
saving in the cost of long pipe lines. 

Referring to the determination of stresses at the fixed end O 
in Fig. 6 of the paper, it would appear from the calculated example 
that the maximum-shear theory gives a smaller equivalent stress 
Pe, than the theory of constant energy of distortion. It seems 
that instead of using the author’s Equation [62] for the maxi- 
mum-shear theory Equation [65] should be applied for this 
case in which p; = 0. If this is followed, the maximum-shear 
theory will then give a larger equivalent stress than the value 
obtained according to the constant energy of distortion for 
this end of the pipe. 

The writer would like to inquire if any experiments have been 
made to check the theory presented in the paper. This is 
apparently an excellent example for the application of the brittle- 
varnish method for the determination of directions of principal 
stresses. Considerable useful information might be thus ob- 
tained, especially in regard to stress concentrations and local 
restraining effects near the end of the pipe. 


O. J. Baccrrup.* Very little has been published on the 
subject of expansion stresses in pipe lines in space. To the 
writer’s knowledge only the work by Carlier®® gives an explana- 
tion of the theory of stresses in pipes in more than one plane, 


*8 Instructor in Mechanical Engineering, Massachusetts Institute 
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with the exceptions of an example in the Piping Handbook’ 
and a similar example in Shipman’s paper. In these three 
cases there has been treated a three-legged pipe with quarter 
bends, each leg at right angles to each other, similar to the 
example solved by the author of the paper under discussion. It 
is evident that the problem is very difficult and its solution re- 
quires a great amount of work. 

The present paper is of fundamental importance as are the 
previous papers by Professor Hovgaard on pipe stresses. The 
profession owes him gratitude for his valuable work. 

Some time ago the writer made a study of pipe stresses and 
as a consequence, on the basis of Professor Hovgaard’s paper,** 
developed a new graphical method for determining forces and 
moments in a pipe line with fixed ends. 

This method, which evaluates the integrals graphically, has 
been compared with the algebraic method and in all cases has 
given very close results. As a matter of fact there will be many 
cases where this graphical method will be more exact than the 
algebraic method because in a complicated layout with many 
ares and straight pieces certain approximations have to be made 
to avoid too much work and complications when using the 
algebraic method. With the graphical method, no such ap- 
proximations are necessary since the integration follows the 
path of the pipe axis closely. 

After the reaction forces and couples at each end of the pipe 
have been found, the moment at any point of the line can be 
determined easily by using the general equation for the moment. 
If desired, the neutral axis can be determined and a moment 
diagram drawn. 

The same method with certain modifications has been used 
for pipes of any shape in space. Compared with exact solutions 
for pipes where such solutions exist, the stress determined by 
this graphical method is very much on the safe side. Until 
more is known of stresses in complex piping systems in space, 
the writer believes that his method can be used with safety. 


G. B. Warren.*? In connection with pipe stresses, recently 
obtained data and analysis of creep in metals at high tempera- 
tures should be taken into account in the design of pipe systems. 
Bailey’s paper*®* will be helpful in this connection. The writer 
is inclined to believe that the phenomena of creep may make the 
proper design of high-temperature piping simpler rather than 
more difficult. 

The writer would make a suggestion in view of the fact that 
all known methods of computing pipe stresses are so complicated 
as to be almost unusable by the average organization which has 
to deal with them. Might there not be some way in which a 
dimensional analysis of tests on one-twentieth to one-fiftieth 
scale models of piping can be used in arriving at results? Such 
tests might conceivably be made by some central group trained 
to make and interpret such tests for all the many groups in- 
terested in the problem. 


AuTHOR’s CLOSURE 


Mr. de Jonge advocates the use of the ellipse of elasticity in 
solving problems in a single plane, but admits that the method 
rests on projective geometry, which is unfamiliar to many engi- 
neers. 

In regard to the problem in space, Mr. de Jonge refers to an 
exact solution which he has obtained by means of the ellipsoid of 
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elasticity, but unfortunately he gives no description of it. The 
remarks on these methods" are too brief to allow one to form an 
opinion on them. The author can anly express the hope that 
Mr. de Jonge will some day present a paper giving a full de- 
scription of the methods which he has forecast. 

It cannot be admitted that the discussion of the cases I to IV 
in the paper is superfluous. These cases, and especially cases 
I, II, and III, are of fundamental importance in space problems 
and are novel in so far as they are not used in connection with 
pipe bends in one plane. The problem solved in the paper is 
special, inasmuch as it deals with the simplest form of a three- 
dimensional pipe bend, although one not unlikely to be ap- 
proached in practice. The treatment of the cases referred to 
is purposely adapted especially to that problem, so that the 
results can be directly applied without further transformation. 
The author believes that engineers will find it convenient to be 
able to verify the numerical coefficients at once without having 
to go back to the discussion of earlier papers on the subject. 
When the author prepared his paper, he was not acquainted with 
Mr. de Jonge’s general solution,'? but even if he had known it, he 
would have preferred to give the specific solutions of cases I to IV 
of the paper. 

In regard to ease IV in particular, Mr. de Jonge’s difficulty 
arises from a misunderstanding, which becomes evident by a 
comparison between the first four lines of his discussion of this 
case with the headlines of case IV of the paper. At each point S 
acts a couple such as would be produced by a force F at O, Fig. 5. 
This couple, which has the components M, and M,, produces 
rotations and deflections at A. 

Thus F, although acting at the fixed end of the quadrant, is 
supposed to produce a couple at S, and may from that point of 
view be called fictitious. This formulation of the problem 
arises from the method, explained on page 405 of the paper, by 
which, for convenience, at any station S shown in Fig. 6 of the 
paper, the couples acting upon the part of the pipe farthest 
from the origin and causing the deflection at A are expressed in 
terms of the reactions at the origin instead of in terms of the forces 
and couples acting at A. 

Now Mr. de Jonge proposes to reverse again this process by 
substituting a force F and two couples acting at A shown in Fig. 5 
of the paper, such as will produce a couple at S of exactly the 
same magnitude but of opposite sign to that produced at S by F 
acting at O. This could be accomplished by a simple transfer 
of forces, as is intimated in the paper, but Mr. de Jonge adopts a 
rather complicated artifice to that end, and arrives then at the 
solution by a combination of cases I, II, and III, as given in Table 
1 of his discussion. It is submitted that the solution given in 
the paper is more direct and less liable to lead to errors in sign. 

With a correct understanding of case IV, its application to 
Fig. 7 of the paper becomes obvious. 

The author’s preference for the strain-energy theory is ex- 
plained in references in his paper.*** 

The discussion of Messrs. Crocker and Hendrickson forms 
really a paper in itself and constitutes a valuable contribution 
to the art of pipe-line design. It gives a comprehensive and 
critical survey of the various methods available for the solution 
of space problems, explaining in a lucid and objective manner the 
advantages and shortcomings of each. 

It should here be borne in mind that when an engineer has 
become familiar with one method, he will be loath to change 
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over to another, even if he can save some hours thereby. In 
general, the difference in cost is relatively insignificant, and an 
engineer naturally will prefer to use a method with which he 
and his staff have had experience and in which they have con- 
fidence. By adopting a new method, the checks which can be 
obtained ordinarily by a comparison with previous designs will 
be largely lost. A definite opinion on the superiority of one 
method over another cannot be formed until it has been tried 
in a number of different cases, and even then it may be difficult to 
pass judgment. 

When the author for the first time was faced with the problem 
of an important design of a pipe plant in three dimensions, he 
naturally applied the algebraic solution, which was an exten- 
sion of the method used in plane pipe bends with which he was 
familiar. After trying various approximations, it was decided 
to attempt a rigorous solution. It turned out to be complicated 
and elaborate and approximations could not altogether be 
avoided, but after having applied it to several cases, including 
one with three bends and four straight pipes, it was found pos- 
sible to so systematize the calculation that the work was shortened 
considerably. Continued application of the method would no 
doubt lead to simplifications and checks not yet discovered. 

As the author has not worked with the graphoanalytical 
method, he has to admit that his expressed preference for the 
algebraic method is perhaps somewhat subjective, but in any 
case it seems worth while to present the solution to the profes- 
sion. 

Messrs. Crocker and Hendrickson give an instructive review 
of the elastic-point method, and explain in particular its ap- 
plicability where the pipe line approaches the square-cornered 
condition. The critical remarks on this method in general as 
well as on the graphs-and-charts method will be helpful to de- 
signers in determining their choice of procedure and will stimulate 
them to further efforts in developing simplified methods of cal- 
culation. 

The author is indebted to Mr. Crocker for having pointed out 
two errors in the paper: 

The second term in Equation [216] for the Z-rotation should 
read 


2 
KR f [Mo, + P(L, + R siny) — QR(1 — cosy) | dy 
0 


This causes a change in the factor of Q in Equation [27] where 
+0.571KR? should be added inside the brackets enclosing that 
factor. 

The second error is in the expression for the Y-displacement, 
Equation [23b]. The term +0.506 (Mo, + PH)R? should be 
written: +0.506 + PH — Q(R + L,)|R? 

This will cause changes in the Q-term in Equation [29], which 
becomes 


~ + 1.506 R°L, + RL*, + 0.571 + 0.914 
1 
+ L?, +0.356 R*L, + 5 RL*, — 0.356 KR? 
— 0.150 RL, 1.) Q 


It should be noted also that certain small terms have been 
omitted intentionally for the sake of simplicity, but as these 
terms are included in Mr. Crocker’s unabridged analysis with 
which a numerical comparison will be made, it is thought de- 
sirable to include them here. Hence, the following additions 
should be made to the left-hand side of the respective equations: 
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Equation [28], add: +0.071 KR*Q 

Equation [29], add: —0.071 KR*L,P + 0.006 HR*P 
Equation [30], add: +0.071 KR?P 

The following are also errors in the published paper: 


Page 406, second column, line 17 from top, write (H-y) in- 
stead of (H-Y). 

Page 408, Equation [28], last line, write —0.150 RTL, instead 
of —0.150RT. 

Page 409, Equation [29], last term in the factor of My, write 
412, instead of $L%,. In the factor of P write HL,R instead of 
HLR,,. 


The numerical coefficients given in Equations [31] to [36] 
were approximations derived by a process of similitude from an 
actual design, applying certain scale factors. The principal 
object in giving a numerical example was to illustrate the method 
of procedure in determining the reactions and stresses, giving 
thus a general idea of the amount of computation involved and 
the order of magnitude of those quantities. These objects are 
attained whether the coefficients in Equations [31] to [36] are 
accurate or approximate, but as Messrs. Crocker and Hendrick- 
son have presented a comparison between the numerical values 
of the reactions obtained by different methods, it is of interest 
to have the exact values as obtained by the author’s method. 
For this reason all the coefficients in Equations [31] to [36] 
have been recalculated accurately in accordance with the cor- 
rected algebraic equations including small terms and the 
following results have been obtained: 


327.5 Mo, + 2988 Q — 36,810 N =0.......... [31] 
414.5 My, — 4053 P + 19,470 N =0.......... [32] 
394.2 Mo, + 45,620 P — 15,660Q =0......... [33] 
+ 421.0 Mo, + 25,230 Mo, — 11,604 My, —777,850 P + 7780Q 
+ 878,300 N = 468.4 X 10%...............005. [34] 

—22,120 Mo, — 421.0 Mo, + 26,600 Mo, + 2,611,300 P 
— 369,450 Q + 2,380,500 N = 755.2 X 10%......... [35] 

+ 10,150 Mo, — 25,220 My, + 7780 P — 776,100 N 
[36] 


The Equations [37] become 


+ 811.3 P — 456.8 Q — 259.4 N = 468.4 X 10° 
— 469.8 P + 888.3 Q — 85.7 N = 755.2 X 10 .. [37] 
— 238.8 P — 92.58 Q + 1548.9 N = 397.8 x 10° 


The reactions are found to be 


P =1855lb Mo, = +56,425in-lb My, = —107,535 in-lb 
Q = 1894lb My, = —12,660in-lb My, = +85,050 in-lb 
N = 655.7lb Mo, = —139,450in-lb My, = +75,200 in-lb 


and the resultant = 2730 lb. 

These figures are very close to those found by Mr. Crocker’s 
unabridged method, and not very different from the original 
values given in the paper. There seems to be no reason, there- 
fore, to revise the stress calculations, which as they stand, 
serve their purpose to illustrate the procedure. 

The experiments described by Mr. Mayrose are very interest- 
ing, and it may be added, very puzzling, since the results differ so 
widely from those of the formulas. It is not believed that a 
factor, K, as suggested, similar to the ordinary flexibility con- 
stant, should be applied since, to the first order, there can be no 
flattening by bending. In the present case, if the author under- 


stands the setup correctly, there was no bending in the test pipe 
at any point, only torsion and shear. 

It would be of interest to test a complete circular tube-ring, 
split at one section, where the ends might be loaded with an up- 
ward and a downward force in the same vertical line. 

The difficult problem of creep, discussed so interestingly by 
Mr. Wesstrom, would seem to be of special importance in the 
pipe-plants of warships of high speed, where high stresses have to 
be accepted and where the pressures are apt to be put on and off 
very frequently. 

The author agrees with Mr. MacGregor that the term ‘‘con- 
stant energy of distortion” is more appropriate in the present 
case than the more general term “strain energy,” since it defines 
exactly the kind of energy involved. It is also agreed that 
Equation [65] of the paper, with p; = 0 for the surface of the 
pipe, should be applied in the maximum-shear theory in this 
case, since it gives higher stresses than Equation [62]. 

Replying to Mr. MacGregor’s question whether any tests 
have been made to check the theory presented in the paper, the 
author can only say that piping systems designed on the basis 
of that theory are now beginning to be tested in active service 
and that so far no trouble has been experienced with them. 

Mr. Baggerud’s remarks confirm the. author’s opinion in re- 
gard to the graphical method in case of plane pipe bends. By 
this method it is possible to deal with any form of pipe, follow- 
ing the same standard procedure, in which the draftsman soon 
acquires routine and confidence. 

The suggestion of Mr. Warren to establish a central station 
for systematic research in pipe problems deserves most careful 
consideration. Such a station or laboratory might undertake 
fundamental research. It might render assistance to the in- 
dustry in helping to solve practical problems presented to it, 
and by a comprehensive compilation of data and experience, 
it would in time be in the best possible position for developing 
practical methods of solution, whether algebraic, graphical, or 
by models. Probably such a laboratory would be best located 
at and associated with some university. 


Engineering Problems in Aircraft 
Operation at High Altitudes' 


N. B. Moors.? This paper is a timely contribution to the 
study of a problem which is currently engaging many aeronauti- 
cal engineers. 

The writer is particularly interested, from a purely aerody- 
namical point of view, in a statement near the beginning of the 
paper, in which the authors state “. . . . it would, therefore, appear 
that unlimited upward extension of the altitude limitation of 
cruising power would be desirable,” as contrasted to a conclusion 
reached by Bréguet,’ that “. ... flight above 16,400 ft (5000 
meters) offers no particular advantages.” 

Of course, these statements cannot be isolated from their re- 
spective papers. However, Fig. 1 of this discussion is offered as 
a supplement to Fig. 1 of the paper to show the dependence of 
possible benefits of supercharging on the basic performance para- 
meter A. The curves are for constant thrust horsepower and 
were calculated from charts (to be published shortly) for high- 
altitude performance, developed by W. C. Rockefeller of the 


1 Published as paper AER-58-1, by R. E. Johnson and R. F. Gagg, 
in the January, 1936, issue of the A.S.M.E. Transactions. 

2 Aerodynamics Engineer, The Northrop Corporation, Inglewood, 
Calif. Also, Research Fellow, California Institute of Technology, 
Pasadena, Calif. 

3 “Speeds of Commercial Aeroplanes,”’ by L. Bréguet, Journal of the 
Royal Aeronautical Society, vol. 39, 1935, pp. 192-212. 
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California Institute of Technology and based on Oswald’s‘ gen- 
eral performance equations. 

It is seen that to obtain much benefit, in so far as speed increase 
is concerned, it is necessary to have a small value of the cruising 
A, which implies the necessity of low span loading and/or low 
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Fig. ILLustTrRaTING THE DePENDENCE OF BENEFITS OF SUPER- 
CHARGING ON THE Basic PERFORMANCE PARAMETER A 


thrust-horsepower loading and/or high parasite loading. It is 
seen also that, for any actual value of A different from zero, there 
is an optimum altitude at which the velocity increase reaches a 
maximum. 

It might be noted that the cruising A for the Douglas DC-2 
plane on 75 per cent rated power (thp = 0.75 X 0.75 X 1420 = 
800 hp, assuming an overall propulsive efficiency of 75 per cent) 
is about 18, and that current American transports have cruis- 
ing A’s between this value and 30. On the other hand, Bréguet, 
in considering two typical airplanes, a fast and a slow one, took 
for the latter airplane one which seems to have an extremely high 
A. 

In spite of the enticing speed increases obtainable by main- 
taining cruising power at the higher altitudes for small A’s, it 


‘General Formulas and Charts for the Calculation of Airplane 
Performance,” by W. B. Oswald, N.A.C.A. report no. 408, 1932. 
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must be remembered, as is pointed out in the paper that these 
increases will be of practical use only for long-range flights. 

The definition of the basic performance parameter A used in 
this discussion is 


(=) 


where W = weight, lb; b, = e2kb = effective span; e = Oswald’s 
airplane efficiency factor; k = Munk’s span factor; 6 = largest 
individual span of the wing cellule, ft; thp = cruising thrust 
horsepower; f = Cp,.S = equivalent parasite area, sq ft; Cp,, = 
Cy — (SC,2/rb,2) = equivalent parasite drag coefficient; Cp 
and C, = drag and lift coefficients; and S = total wing area, 
sq ft. 


Film-Lubrication Theory and 
Engine-Bearing Design’ 


P. M. Hevpr.? The writer agrees with the author’s statements 
that (1) the coefficient of friction is at best a by-product of the 
analysis and of dubious value, and (2) that the PV factor is not a 
true measure of the loading of a bearing. 

In phenomena involving dry friction, the coefficient of friction 
has a legitimate place, because in that instance it is substanti- 
ally independent of the two variables, the load and the speed. 
We all learn about dry friction before we learn about fluid fric- 
tion, and there is a tendency to assume that the same laws and 
relations hold in both. By definition, the coefficient of friction 
is the ratio of the frictional force to the pressure between the sur- 
faces in frictional contact, and by implication the coefficient re- 
mains constant when the pressure and the load vary. The coef- 
ficient of friction appears in a great many mechanical formulas, 
such as those for the efficiency of toothed gearing. For instance 
in spur gearing we have one force perpendicular to the surfaces in 
contact, the so-called tooth pressure; and another force parallel 
to, or rather, right in the surface of contact, the frictional force, 
which is assumed to be equal to the product of the tooth pressure 
and the coefficient of friction. Since the coefficient of friction is 
defined as the ratio of the frictional force to the pressure between 
the surfaces in contact, this assumption is correct. The objec- 
tion is that in fluid friction the coefficient of friction is not constant 
and independent of the load but is inversely proportional to the 
load, so that in this case, to say that the friction is equal to the 
product of the load by the coefficient of friction amounts to say- 
ing it is proportional to the product of the load by the inverse of 
the load which, of course, means that it is entirely independent 
of the load. 

The writer also agrees with the author’s statement regarding 
the equation for the coefficient of friction in terms of the viscos- 
ity, speed of revolution, and load. The writer does not wish to 
belittle in any way the work of those scientists who discovered 
this relationship with the aid of dimensional theory, since the 
writer considers it a very clever piece of analysis, but thinks it 
is unfortunate that the relationship was given in the form in which 
it has become familiar, that is, the coefficient of friction is equal to 
the product of the kinematic viscosity and the speed of revolution 
divided by the load. It would be simpler to say that the fric- 
tional force is equal to the product of the kinematic viscosity and 
the speed of rotation. 

That the PV factor is not a true measure of bearing loading is 
directly apparent from the foregoing. If the frictional force were 
directly proportional to the load, in other words, if the friction 

1 Published as paper OGP-58-1, by E. 8. Dennison, in the January, 
1936, issue of the A.S.M.E. Transactions. 

? Engineering Editor, Automotive Industries, Philadelphia, Pa. 
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coefficient were constant, then the heat generated in a bearing 
would be proportional to the PV factor, but since the frictional 
force is more or less independent of the load, this does not hold. 

The difficulty in applying theory to the bearings of high-speed 
engines is due to the lack of rigidity of both the crankshaft and 
the crankcase. The theory assumes the journal and bearing to 
be parallel, so that the load is uniformly distributed over the 
whole length of the bearing, but in practice this does not hold 
true. The more rigid the crankcase and the crankshaft the more 
nearly uniform the distribution of the load and the greater the 
capacity per unit of projected bearing area, assuming accurate 
workmanship. Recognition of this fact has led to a gradual in- 
crease in crankshaft diameters. In 1910 a four-cylinder auto- 
mobile engine with 4 by 5-in. cylinders had a crankshaft of 15/, 
in. diameter. At present, high-speed engines of the same cylin- 
der dimensions would be designed with a crankshaft diameter of 
at least 2'!/. in. Of course, the high speed is a factor in the deter- 
mination of the most suitable crankshaft diameter. An auto- 
motive type of Diesel engine of recent design has crankshaft bear- 
ings of larger diameter than the bore, 37/s in. for a 3%/,-in. bore. 
Several high-speed Diesel engines manufactured abroad have 
intermediate bearings of larger diameter than the stroke, the 
bearing being on the outside of circular crank disks. Some de- 
velopment work was done in this country on an automobile engine 
having a crankshaft of this design, but the writer understands that 
the difficulty of cranking the engine in very cold weather led to 
its abandonment. 


A. D. Anpriota.* The author is to be commended for the 
practical and ingenious analysis presented. Avoidance of the 
usual mathematical complexities present in the larger proportion 
of film-lubrication literature is to be especially lauded. As a rule, 
by virtue of such complications, practical application is possible 
only by means of a thorough and intensive study, thus implying a 
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(For the solid lines n/a = 0.0015. For the broken lines 7/a = 0.002. N 
= 720rpm. L/D = 0.32.) 


as the two, when considered together, form an excellent qualita- 
tive index for the expected life of a bearing. 

The writer recently completed calculations for the design of 
both main and crankpin bearings of a two-cycle double-acting 
engine. Several approximations arrived at for the calculation 
procedure may prove of interest. In the case of the main bear- 
ings it was found that an approximation offering good accuracy 

was to obtain the values of P’, 7’, and 


T’/Q’ based on the mean value of the bear- 
WN ing pressure, P as determined from the fa- 

1200 300 miliar bearing-pressure-crank-angle dia- 
. \ i. gram. The good agreement between the 
10002 250 20,000 | — 0.0010 results calculated on this basis and those 
. determined by integration of the T’ and 

s £ T’/Q’ nk- is d to th 

crank-angle areas is due to the 
nature of the P’-T’ and P’-T’/Q’ relations. 
* g When represented graphically both of these 
600 0.0006 will be found to be lines of slight curva- 
\ ture, except for a very narrow range at 
N ——lp0004 the origin which corresponds to the condi- 

oe ion of the journal concentric with the bear- 

« tion o ] 
For the eccentricity range in which 
200 50% a : = engine bearings operate both relations are 
a linear for all practical purposes. 
0.00075 0.001 0.00125 0.0015 0.00175 0.002 In dealing with the crankpin bearings 


n/a 


Fic. 1 Errect or 7/a VARIATION ON MAIN AND CRANKPIN BEARINGS 


there is the additional effect of variable 
relative velocity between the rubbing sur- 


(Solid lines show effect on crankpin Bansings. Broken lines show effect on main bearings. For the faces to be considered, for which the au- 
i i the 


main bearings, L/D = 0.32 while for 
= 9 X 10-* and N = 720 rpm.) 


degree of specialization normally not required of the average de- 
signer. For actual design purposes the method offers compara- 
tive ease in application, particularly in the evaluation of the ef- 
fects produced by changes in any of the bearing and lubricant 
characteristics such as clearance, L/D ratio, and viscosity. The 
introduction of the expressions for friction work and mean tem- 
perature rise, S and At, respectively, merits special consideration 


* Engineer, Electric Boat Company, Groton, Conn. 


crankpin bearings, L/D = 0.4. 


For both bearings thor has given the maximum and mini- 


mum values. Expressed in revolutions 
per minute the general form will be 


cos 6 


where 6 = crank angle = 0 deg at top dead center; n = connect- 
ing-rod-crank ratio = L/R; N = crankshaft journal speed, 
rpm; N, = relative rpm between bearing and journal. 

The required mean values may of course be accurately deter- 
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TABLE 1 MAIN BEARINGS 
By integration Based on mean P_ Difference in per cent 


For the design discussed here n = 3.6 and a@,,? = 1.0386. Gen- 
erally n is higher, its value for most designs being somewhere be- 


n/a At 8 At 8 At 8 
0.00100 (338) 261 (324) 265 43 $1.53 tween 4 and 5. The second term of the equation varies inversely 
9.60138 zee 3 ty with n? and in the majority of engines the variation of from 
0.00175 39.3 195 39.1 199 —0.51 2.05 unity will be less than indicated here. Treating the relative velo- 
0.00200 24.1 = 1865 24.2 188 0.48 1.62 city as a constant, the calculation procedure is then identical with 
TABLE 2 CRANKPIN BEARINGS that outlined for the main bearings. The accuracy of the sug- 
ics Based on mean P Difference gested approximations may be studied from the results given in 
Tables 1 and 2 of this discussion. In each case L/D, N, and u 
0.00075 (1391) 347 (1300) 339 were held constant and the clearance ratio varied. 
0.00100 (448) 293 (427) 287 —4.69 —2.05 
000125 (191) 259 (182) 255 —4.72 —1.54 The foregoing con: iderations have no bearing, of course, on the 
0 00150 96 5 237 93 procedure for determining the minimum film thickness, h, = 
00200 34 211 32.5 206 4} —2 37 n/Mmax- It will be necessary, for the crankpin bearings, to 
evaluate (P/N,)max, the equivalent expres- 
| sion for P’max in this instance being written 
(n/a)? 
240 P’max = —— (P/N,)max. The correspond- 
+ ing value of mmax is obtained directly from 
| 
2200 20,000 | Figs. 5 or 5a of the paper. 
$ | In Figs. 1, 2, 3, and 4 of this discussion 
a _ al are given the results of the complete analy- 
« | | | s c¢ sis. The bearing - pressure - crank - angle 
s 8 | ¢ diagram used for a study of the clearance 
120 — and viscosity variations was based on the 
19,000 + No | | preliminary crankshaft and connecting-rod 
£ | 0004 dimensions. For the length and diameter 

_variations the mean crankpin-bearing pres- 
a | < sure was corrected for area alone, the as- 

; sumption being made that the variation in 
o/a| connecting rod and rotating mass, due to 
5 3° the change in the bearing dimensions, 
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Fie. 3) Errecr or DIAMETER VARIATION OF MAIN BEARINGS 
(L = 2.234 in, 1/a = 0.0015, uw = 9 XK 10-6, N = 720 rpm.) 


could be neglected. 

The excessive At figures shown in Tables 1 
and 2 for small ratios of 7/a merely signify, 
qualitatively, that oil flow as calculated 
for those cases is insufficient. With respect 
to the theoretical correctness of the expres- 


uw. 240 | | zz sion for Q, the oil flow, and consequently 
. | that for At, the writer cannot offer any 
y 200 20,000} 0.0010 constructive criticism. Expressions for 
> | | | —— 4 ms these two quantities have been advanced by 
160 = Boswall and other investigators in which 
— | bs . the effect of the dynamic pressure upon 
| oil flow is taken into account. Their na- 
ture is such, however, that application to de- 
sign problems is impractical. The desira- 
| | 8 bility of establishing mathematical means 
a | = > to estimate oil flow is apparent but until 
40 “ the theory is extended to a degree where 
ho/a | | | application becomes possible, the safest 

0 L | | Ps lo guide must of necessity be obtained from 
1.5 2.0 Phe f 3.0 35 experimental data. The utility of the equa- 


Fie. 4 Errect or Len@tH VARIATION OF MAIN BEARINGS 
(n/a = 0.0015, uw = 9 X 10-*, D = 7 in., and N = 720 rpm.) 


mined from the integration of the T’N,?/Q’ — @ and T’N,? — 
@areas. No error of any magnitude will be introduced, however, 
if the effect of variable relative velocity is neglected in obtaining 
Atands. That ample justification for this exists is apparent from 
an inspection of a@%mean, Where 


wei f (r+ ff 
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cos 


2 
do = 1 + 1/2n?.... [2] 


tion for At is not seriously affected since its 
application to engines of approximately the 
same size and employing roughly the same 
method of crankcase ventilation, if any, will yield dependable 
results. 


G. B. Kareuirz.4 At the present time there is little available 
information on the minimum permissible thickness of an oil 
film in motor bearings. In large bearings such as are used in 
industrial electric motors, measurements by Vieweg*® showed 

4 Associate Professor, Department of Mechanical Engineering, 
Columbia University, New York, N. ¥. Mem. A.S.M.E. 


5“Optische Massgeraete,”” by V. Vieweg, Petroleum Zeitschrift, 
1922, p. 1405. 
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cessation of metal-to-metal contact at a film thickness of 0.0004 
in. However, in these bearings the distortion must be taken into 
consideration. The short and rigidly mounted bearings of an 
automobile or small Diesel engine are different, and in these units 
fluid lubrication may occur with extremely thin oil films such as 
discussed in the paper. 

An insight into the order of this thickness can be obtained from 
the paper by Connelly and Hertel. They experimented with 
small flat blocks of babbitt, riding on a '/:-in. journal in an oil 
bath. The data reported allowed the writer to compute the 
minimum oil-film thickness under the blocks. This proved to 
be 0.000041 in. to 0.000043 in. for one series. Therefore, a film 
thickness of 0.0001 in. should be quite adequate for automobile 
bearings. 

With reference to the oil-flow computation, it should be remem- 
bered that the figures are valid only for main bearings under 
force-feed lubrication and designed with a circumferential 
groove at midlength, the flow in other bearings being quite differ- 
ent. It is to be regretted that to date no reliable tests have been 
made to measure the oil flow in engine bearings in spite of the 
fact that these tests should not be difficult. 


AvuTHOR’s CLOSURE 


It is of interest that Mr. Heldt concurs in certain views ex- 
pressed in the paper concerning the usefulness of the coefficient 
of friction, and also of the PV factor. A coefficient of friction is 
in fact redundant when it is found to be inversely proportional 
to load, and as a first approximation this is true with fluid lubri- 
cation. Consequently attention may be confined to the more 
moderate fluctuations to which friction torque itself is subject. 
The methods of dimensional analysis may be applied as well to 
this aspect of the problem as to the other. 

The difficulty in applying the theory, which arises from lack 
of rigidity and from similar uncertainties, is a considerable one. 
Laboratory data scarcely improve the situation at all. In order 
that experimental results shall be comprehensible and mutually 
consistent, a close control of test conditions is essential. The 
more exact this control is, the better the agreement with theory 
is likely to be, and the more remote is the connection with practice. 
Nevertheless, it is a safe premise that the underlying principles, 
with their qualitative effects, apply to all cases. Lubrication 
theory may therefore be made to serve as a vehicle for comparing 
new engine-bearing designs with examples which are known or 
typical. This in effect is what is attempted in the paper. 

Mr. Andriola has shown that in application the design pro- 
cedure can be simplified in two important respects: (1) Friction 
and oil-flow calculations can be referred to the mean-load con- 
dition without noticeable error, and (2) the net effect of varia- 
tions in crankpin-bearing velocity, due to angularity of the rod, 
is small except in regard to film thickness. To estimate the 
latter in main bearings, the maximum-pressure point only is to 
be considered. For crankpin bearings, points near the top center 
and also near the bottom center are to be considered, with due 
allowances for instantaneous speed. These short cuts enable the 
designer to proceed directly to a consideration of length, diame- 
ter, clearance ratio, and oil viscosity, the selection of which is 
his concern. 

As pointed out by Professor Karelitz, there appears to be good 
agreement regarding the order of magnitude of film thickness 
attainable under the most favorable conditions. By contrast, 
known cases of engine bearings afford an independent estimate 
of what is permissible in practice. Since the paper was prepared, 


6 “Bearing Investigation by Varying Wear Method,” by J. R. 
Connelly and C. C. Hertel, presented at the Annual Meeting of the 
AMERICAN Society or MEcHANICAL ENGINEERS, held in New York, 
N. Y., December 2 to 6, 1935. 


there has been opportunity to review a number of cases, all 
pertaining to Diesel engines in the medium or high-speed classes. 
Speeds ranged from 500 to 1200 rpm; shaft diameters from 5 in. 
to about 10 in. Film thickness h, for satisfactory bearings 
ranged from 0.0004 in. to 0.0006 in. The ratio h,/a ranged 
from about 0.00014 to 0.00020. A ratio h,/a less than 0.00013 
at full-speed is unsatisfactory, as indicated by some other cases 
which have proved unreliable. Should these limits be accepted, 
the figure h, = 0.0001 in. quoted by Professor Karelitz would 
apply to a shaft of about 11/; in. diameter or smaller. At reduced 
speed or when idling a lower ratio is tolerable, as suggested in 
the paper. 

The cases investigated, by coincidence, were all furnished with 
a type of high-lead-bearing metal, approximately 98 per cent lead. 
For this material there are sufficient data to determine an ap- 
proximate upper limit of the heating function. This limit for 
reliable continuous service was found to be about s = 400 in- 
Ib per sq in. per sec. Tin-base babbitt had previously been 
proved unreliable for the applications referred to. The cor- 
responding limit for s is unquestionably lower, but a numerical 
figure cannot be quoted. On the other hand, some other alloys, 
such as the lead bronzes, common in aviation practice, are cap- 
able of withstanding very severe loads when correctly applied. 

The author agrees with Professor Karelitz’ remarks as to the 
uncertainty of the conditions affecting oil flow. The same 
uncertainty applies to the entire question concerning the cooling 
action of oil in force-feed bearings. Actual flow is in excess of 
that given by the expressions arrived at in the paper. The 
function At cannot be depended upon quantitatively. At most 
it may suggest a type of investigation which has so far received 
little attention. 


Distribution of Air to Underfeed 
Stokers' 


J. W. Armour.? The authors have brought out very clearly a 
point about which there has been considerable controversy, that is, 
the pressure drop of air through tuyéres as compared with the pres- 
sure drop through the fuel bed. This very definitely shows that the 
controlling factor is the condition of the fuel bed and not the size 
of the air openings in the tuyéres. The tuyéres then provide means 
only for the distribution of air and not for the control of air 
quantity. The data have been confirmed by experiments con- 
ducted under the writer’s supervision of a great many different 
types of tuyéres and also of grate surfaces for traveling-grate 
stokers. We do not hear so much regarding percentage of air 
openings on underfeed stokers as we do in connection with chain- 
grate or traveling-grate stokers. Here, this question of percentage 
of air openings seems to be of major interest, whereas, it is the 
writer’s contention that the percentage of air openings in the 
grate surface is of very little importance but the real factor of 
importance is the distribution of the air to the fuel bed and the 
design of the air-admitting block from the standpoint of proper 
support to the kind of fuel being used. 

The writer’s experience with multiple-zone control of the 
underfeed section of the stoker bears out the author’s experiences 
in that manual control is of very little benefit from the standpoint 
of daily operating efficiency. Even on a very simple installation, 
in which only four controls had to be manipulated by the fireman, 
and on a stoker small enough so that it was possible to observe the 
effect of manipulation of the air control on the fire, it was found 


1 Published as paper FSP-58-2, by A. S. Griswold and H. E. 
Macomber, in the January, 1936, issue of the A.S.M.E. Transactions. 

2 Vice-President, Riley Stoker Corporation, Detroit. Mich. Mem. 
A.S.M.E. 
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that the operators would not give the proper attention to the 
controlling of the zone dampers. It was further found that dis- 
continuance of the use of approximately one half of the zone 
dampers did not result in decreased efficiency and still gave the 
operator sufficient control over the fuel bed. 

On very large stokers, where it is impossible to observe all 
portions of the fuel bed and operation must be guided entirely by 
meter readings indicating the air flow to the various zones, it 
would appear that the operation would be somewhat similar to 
blind flying, a perfectly possible thing to do but carried out 
without a great deal of confidence. 

It is noted that the authors state that with manual control 
adjustments may be required, at low fuel-burning rates, three or 
four times an hour and for high combustion rates rather frequent 
adjustments are required. It would appear to the writer that three 
or four times an hour would be rather frequent adjustment and 
the operator must be very busy during the period of high com- 
bustion rates. The writer has witnessed operation on oil firing 
where complaint was made because the air-fuel ratio had to be 
changed on the combustion control once in two or three hours and 
a similar criticism was made of a pulverized-fuel combustion con- 
trol where the operator had to readjust the air-fuel ratio approxi- 
mately once an hour because of a rather wide periodic load swing. 

It is apparent that the success of zoned-air control on large 
stokers is dependent upon obtaining suitable means for controlling 
the air to the various zones automatically. It is further evident 
that these controllers must be exceedingly sensitive to slight 
variations in pressure in order to properly proportion the quantity 
of air to the various sections of the fuel bed. It may be of 
interest to note that these controls which were manufactured by 
the A. W. Cash Company have been installed in another appli- 
cation where the differential pressure was being controlled within 
plus or minus 0.005 in. water, read on a special gage. 

It is rather remarkable to note the air distribution to the 
various zones as given by the authors, in showing the distribution 
of air to the stoker at the Beacon Street Heating Plant in Detroit. 
At the 300,000-lb rating, this distribution is approximately 25 
per cent to the extension grate, 30 per cent to the lower tuyére 
zone, 15 per cent to the upper tuyére zone, and 30 per cent stoker 
and setting leakage and unaccounted for. 

It would appear that we would have to revise some of our ideas 
of the burning of coal on an underfeed stoker. Presumably the 
greater portion of the volatile content of the coal was released in 
the upper zone and with coal having 30 per cent volatile, approxi- 
mately only 15 per cent of the total air is used at this point, which 
is apparently contradictory, unless we consider that a large 
amount of excess air is passed through the extension-grate zone 
and eventually mixes with the rich gases released from the upper 
tuyére zone. It would be very interesting if along with this chart 
of air distribution it were possible to have analyses of the gases 
as they leave the fuel bed. 

The results obtained by the use of automatically controlled 
air zoning of underfeed stokers on these large-size units are quite 
remarkable and it would appear a necessity that if multiple- 
retort underfeed stokers are to be used with even moderately 
preheated air for large capacities that the zoning of air is essential 
and that automatic control of this zoning becomes a necessity on 
account of the inability of the operators to see the condition of 
the fuel bed. When one considers the extent of the complication 
necessary for the successful application and operation of these 
large stokers, and especially the desirability of using preheated 
air in order to obtain the maximum fuel-burning rate and effi- 
ciency, there would seem to be further reason for the use of pul- 
verized fuel because of the simplicity of the installation and the 
ease of the application of control on maintaining daily operation 
at the highest possible efficiency. 
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F. J. Cuarev.’ It is an established fact that a metered-air con- 
trol when properly installed and operated in connection with a 
stoker improves the performance of the steam-generating unit. 
Its principal function is to reduce the quantities of excess air 
for combustion by controlling the flow of air and maintaining a 
uniform fuel bed. The fuel bed, however, will not necessarily 
remain uniform unless the stoker-control and air-control mecha- 
nisms are properly correlated and operated so that the latter 
will always be within its operating range. The secondary pushers 
of a stoker can be improperly operated to the extent that the air 
control will not be effective. 

The three plants referred to in the authors’ report furnish an 
example of the necessity of predetermining proper lengths of 
secondary-pusher strokes to obtain best performance. At Beacon 
Street, with cold air supplied for combustion, best results are 
obtained with lengths of secondary-pusher strokes that increase 
progressively from top to bottom. It has been found necessary 
to operate the preheated-air stokers at Delray with progressively 
shorter strokes from top to bottom. The stokers at Conners 
Creek, also supplied with preheated air, are operated similarly or 
with equal strokes on the secondary pushers. Under normal 
operating conditions the established relation of pusher strokes be- 
tween zones is not often changed but the lengths of strokes of all 
pushers are uniformly changed when a large increase or decrease 
in the rate of evaporation is to be maintained for several hours. 
In all cases the lengths of the extension-grate strokes are usually 
shorter than the pusher strokes and are varied oftener. It is 
evident, therefore, that considerable attention must be given to 
the adjustment of the pusher stroke in the zones of any stoker, 
even though it is equipped with metered-air control. 

In addition to the original setting of pusher strokes in the 
zones, individual pusher adjustments must be made at times to 
correct a localized fuel-bed irregularity caused by some abnormal 
condition which disturbs the fuel bed to such an extent that the 
air control cannot correct it. Beacon Street and Conners Creek 
have a decided advantage over Delray for determining when 
individual pusher-stroke adjustments are required since the con- 
trols at the former plants are equipped with air-flow gages and 
damper-position indicators which indicate to the operator when 
individual pushers need temporary stroke changes. Under 
normal operating conditions, when steaming rates are not 
excessively high and the coal feed is uniform, the fuel bed ordi- 
narily remains relatively uniform. Under these conditions the 
control dampers seldom reach the limits of their operating range 
and consequently very few pusher adjustments are required. 
Without the use of air-flow gages or indicators for positions of the 
control dampers, however, improper coal feed, excessive coal 
segregation, large clinker formations or other abnormal conditions 
may develop thin or heavy sections in the fuel bed which may not 
be apparent to the operator and are not corrected automatically 
by the stoker or the air control. 

The authors state that at the Beacon Street Heating Plant the 
use of the overcompensating feature of the air-control dampers 
is not required to obtain satisfactory results. When a thin or 
heavy section of the fuel bed is shown by the air-flow gage, the 
damper is adjusted so that the flow of air through the correspond- 
ing control unit equals the predetermined quantity of air flow 
through all units of its zone. Although this method of operation 
maintains a uniform rate of combustion over all units of a zone, 
the stoker continues to operate with the thin or heavy spot until 
the operating conditions change and correct the unevenness of 
the fuel bed automatically. At Conners Creek an irregular 
fuel-bed thickness over a control unit is corrected with a 
pusher-stroke adjustment when the corresponding position indi- 
cator of the control damper shows that the damper is reaching or 

3 The Detroit Edison Company, Detroit, Mich. 
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has reached an extreme open or closed position where it can no 
longer be operative. When the fuel bed has regained its original 
thickness, the stroke adjustment is returned to normal. This 
method of operation, desirable with a constant air-flow control, 
appears to produce good results and the number of stroke adjust- 
ments required to keep the dampers in range is not excessive. 

The optimum distribution of air for combustion to the zones at 
the Beacon Street Heating Plant varies considerably from the 
zone distributions at Delray and Conners Creek. Fig. 10 of the 
paper shows that the percentages of total air through each tuyére 
zone and the extension-grate zone vary with the rate of evapora- 
tion. At Delray optimum results are obtained with equal 
quantities of air flowing through each tuyére zone and approxi- 
mately one half that amount through each extension-grate zone. 
This distribution appears to be characteristic with preheated-air 
stokers where the ignition takes place early, the fuel bed is 
relatively flat, and the resistance to the flow of air through each 
zone is practically the same. A similar air distribution is being 
used at Conners Creek although final tests to prove that this 
distribution produces the best results have not been completed. 

The single-ended stokers at Delray are operating very satis- 
factorily, but their extreme length makes them less flexible than 
the short stokers at Conners Creek and it is not expected that the 
iron replacement costs will be as low as those at Conners Creek. 
Stoker developments and refinements will undoubtedly contribute 
to reduce the cost of iron replacements at Conners Creek, although 
the effect of the divided-tuyére development on stoker main- 
tenance is not yet known. This tuyére not only distributes the 
air to the retorts in the theoretically correct way as pointed out 
by the authors but furnishes a very convenient method of apply- 
ing metered-air-control units to the side-wall half tuyéres. The 
divided type of tuyére is performing satisfactorily at Conners 
Creek and is being installed at Delray in connection with the 
new air control. 

The maintenance of the air-control equipment itself is low and 
since means are provided to by-pass or open the control dampers 
during operation without entering the plenum chamber, the 
failure of any part of the control does not require a shutdown of 
the steam-generating unit. Minor repairs and adjustments can 
be made to the control mechanism in the plenum chambers of 
preheated-air stokers when the blower is down and the plenum- 
chamber doors are open to the atmosphere. The earlier trouble 
experienced at Beacon Street with breakage or binding of the 
damper-operating wires in the steel tubes has been corrected in 
later installations by the addition of bell cranks and wires so that 
the latter are always in tension when damper adjustments are 
being made. Although the Conners Creek air-control installations 
have not been operated long enough to establish accurate main- 
tenance data, no conditions that will require excessive maintenance 
of the air control are apparent. In six years of operation of five 
boilers at Delray, a total of 13 control boxes have been replaced 
due to serious stoker burnouts. These burnouts invariably 
occurred during the winter months when the coal was frozen and 
failed to feed properly in the retorts. Since the loss of coal feed 
in a retort is serious, particularly with a preheated-air stoker, all 
possible efforts should be made to maintain uniform coal feed 
at all times. 

There are several other plant conditions which should be con- 
sidered before deciding upon the installation of a metered-air con- 
trol. The authors report that the maximum continuous rate of 
evaporation can be increased 23 per cent or over with metered-air 
control. It should be pointed out that such improvement cannot 
be realized if the steam-generating unit itself limits the continuous 
normal or maximum rate of evaporation due to slagging of the 
boiler tubes. The authors also report that a maximum continuous 
rate of evaporation of 435,000 Ib of steam per hr is indicated at 
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Conners Creek. Short runs at this rate of evaporation have been 
obtained and there is no doubt but that this rate of evaporation 
can be maintained for 24 hours or more. Except for the limitations 
imposed by the heat-absorbing equipment such as the accumula- 
tion of slag on the boiler tubes it appears that the above per- 
formance can be maintained over long periods. 

The plenum chamber must be large enough to permit the instal- 
lation of control units for an extension-grate zone and a tuyére 
zone for each group of 12 to 16 tuyéres. If the divided tuyére is 
not used, automatic or hand-control dampers should be installed 
to control the air to the side-wall half tuyéres. Hand-operated 
dampers are sufficient to control the air to the stationary extension 
grates and the secondary air to the front-wall air backs. 

The control is well beyond the development stage, but there 
undoubtedly are further improvements which can and will be 
made. In its present state the cost of the complete control is 
relatively high, and it appears that its principal justification when 
applied to existing stoker installations is in providing increased 
coal-burning rates. On new installations this feature may be 
utilized to permit a reduction in the investment in steam-generat- 
ing equipment. The newest type installed at Conners Creek is a 
step forward in metered-air control refinements, but further ex- 
perience will be required before its effect on efficiency and mainte- 
nance can be accurately determined. 


G.C. Eaton‘ ano H. E. Stickuz.’ Reference is made by Messrs. 
Griswold and Macomber to the experimental installation at the 
Edgar Station, Boston, in 1926 of equipment to automatically 
compensate for variations in fuel-bed resistance as conceived by 
Mr. Maxwell Alpern, of the American Engineering Company. A 
brief résumé of this pioneer installation seems appropriate at 
this time. 

The stoker under which the apparatus was installed is 16 retorts 
wide by 25 tuyéres deep, with a projected grate area of 374 sq ft, 
and serves a furnace of 9000 cu ft below a 375 lb per sq in. three- 
pass boiler. The unit is capable of generating continuously 
150,000 lb of steam per hr at 700 F when supplied with feedwater 
at 240 F and cold air to the stoker. No air heaters are installed. 
Each tuyére row was divided into four sections for application of 
the automatic “‘boxes’’ shown in Fig. 1 of this discussion. 

The apparatus was designed to operate automatically as follows: 
An excess quantity of air from the wind box A flowing between 
the vanes B exerts a velocity pressure normal to the inner vane 
surfaces. This causes the vanes to move outward turning on the 
pins X. This motion is communicated to the twin dampers D by 
the links C. The dampers turning on the pins Y close to reduce 
the air flow through the tuyéres at FE. To an outside twin “‘whiffle- 
tree” linkage motion of the vanes B was transferred by the link K. 
This ‘‘whiffletree” caused the other boxes in the same tuyére row 
to open wider by a reverse motion of the lower linkage inside the 
other boxes. Theoretically, the apparatus was designed to supply 
the same quantity of air to a given tuyére row at the same fuel- 
burning rate. This is an entirely different principle from that of 
the present equipments which control by zones across the stoker 
rather than tuyére rows the length of the stoker. Control of the 
air flow through the extension grates was manual only. 

This apparatus was in service intermittently for several years 
but, due to the inherent friction in the linkage and damper bear- 
ings, as the result of coal-dust siftings from the stoker, and to 
small lumps of coal blocking the dampers, the automatic feature 


4 Head of the Mechanical Technical Engineering Division, Generat- 
ing Department, The Edison Electric Illuminating Company, Boston, 
Mass. Jun. A.S.M.E. 

5 Engineer, Mechanical Technical Engineering Division, Generat- 
ing Department, The Edison Electric Illuminating Company, Boston, 
Mass. 


ray 
fii 
} 
} 
| 
af 
| 
x 
| 
} 
4 
| 


DISCUSSION 407 


became increasingly sluggish and completely inoperative within a 
relatively short time after each cleaning. The manually con- 
trolled feature of the installation showed that hand-operated 
dampers had possibilities worthy of further study. However, 
it was later decided that expenditure of capital for such equipment 
was not justified by the operating conditions then existent, prin- 
cipally cold air and the maximum fuel-burning rate required. 
The later installation of larger and longer stokers operating at 
higher burning rates with air temperatures in excess of 400 F was 
accompanied by a sharp increase in maintenance costs. These 
costs, while still high, were materially reduced in various ways. 
Further reductions being desirable, manually operated oned-and- 
metered air equipment has been installed during the past year 


SS 


Fig. 1 Auromatic Aik CONTROL AT THE EDGAR STATION, BosTON, IN 
1926 


under one of the later stokers at Edgar Station. Operating re- 
sults have not been entirely satisfactory and development work 
is still in progress. The writers are decidedly of the opinion, 
however, that the even distribution of air to the stoker by means 
of the boxes, when operating wide open, is very desirable but 
could be accomplished very easily by simpler and less expensive 
means. 

There are several questions regarding their installations that 
the writers would like to ask Messrs. Griswold and Macomber. 
These are as follows: 


1 What was the reason for dividing the 57-tuyére Delray No. 3 
stoker into zones corresponding to the portions of the fuel bed 
controlled by individual pushers? 

2 Should not the upper curve in Fig. 9 drop with increased 
steaming rate? The general tendency indicated by the test points 
is downward. A straight line drawn mathematically through the 
points by the method of moments has a drop of over 0.5 per cent 
of CO; from 100,000 to 500,000 Ib of steam per hr. 

3 In Fig. 10, how was the stoker leakage measured? What 
factors does it include? 

4 What portions of the stoker show the lower maintenance 
costs with the zoned-air equipment? 

5 How is air leakage around the pushers minimized? 


6 Inthe new Connors Creek installation, where air is supplied 
to stoker by retorts rather than by tuyére rows, how is adjustment 
and maintenance of the secondary pushers accomplished? The 
writers agree that the arrangement to include the retort in the 
area controlled is theoretically the best, but question its prac- 
ticability. 

In closing, the writers wish to emphasize their agreement with 
the authors that the importance of proper physical movement of 
the fuel bed cannot be overestimated when considering operating 
efficiency, which is, of course, the combination of thermal efficiency 
and operating and maintenance costs. The optimum operating 
efficiency of this stoker will be reached by ideally combining 
correct air distribution with proper physical movement of the 
fuel bed. This ideal combination has apparently been reached by 
the Detroit Edison engineers. 


J. N. Lanpis.° It is the writer’s intention to extend the infor- 
mation on stoker performance as given in a paper by Driscoll and 
Sperr,’ rather than to discuss the present paper. Those authors in 
their Table 5 presented operating data for eight rows of Hudson 
Avenue stokers. The writer submits in Table 1 of this discussion 
an extension of this performance record to embrace operating 
performance for two additional years, 1934 and 1935. 


TABLE 1 OPERATING — FOR HUDSON AVENUE STATION 


934-19352 
; Average coal- Average steam- Stoker-main- 
Average steaming burning rate, generating tenance cost, 
rate, 1000 lb per Ib coal per efficiency, dollars per 
Boiler hr per boiler sq ft per hr 


r cent net ton 
row 1934 1935 1934 1935 1934 1935 1934 1935 


51-54 129.7 113.7 23.6 20.4 86.4 87.1 0.054 0.049 
61-64 138.0 128.0 25.5 23.3 86.9 87.4 0.031 0.057 
71-74 213.3 213.5 29.6 29.9 86.1 86.6 0.069 0.065 
81-84 211.9 216.9 29.1 30.0 86.7 87.2 0.086 0.068 


~~ @ Based on service hours per year including low steaming and banking 
periods. 

For the purpose of this symposium on zoned-air control, it is 
possible to take from the operating performance data which is 
thus made available the data for two 12-month periods. In one. 
of these periods eight of the stokers operated without zoned-air 
control, and in the other period the same eight stokers operated 
with zoned-air control. In the period, without zoned-air control, 
the eight stokers had an average coal-burning rate of 29.0 lb per 
sq ft of grate area per hr and developed an average boiler-operating 
efficiency of 86.6 per cent. In the second period, with zoned-air 
control, the same eight stokers had an average coal-burning rate 
of 29.8 lb per sq ft of grate area per hr and an average operating 
efficiency of 86.6 per cent. In other words, with substantially the 
same average coal-burning rate, there was no gain in operating 
efficiency. 

In attempting to make a comparison of these two years of 
operation one feels somewhat adrift because of the uncertainty on 
the point as to whether or not the basic quality of the operation 
of the equipment by its attendants was identical in the two periods 
or superior in the second period, or inferior in the second period. 

Very fortunately we have data also on eight other stokers 
operating without zoned-air control through the same two periods, 
These stokers underwent no change in physical form or operating 
method throughout the two periods. Consequently we are entitled 
to think of these eight stokers as a pilot plant, the operating 
results of which can be used to measure the quality of the plant 
operation in the two periods. On this so-called pilot plant the facts 
are that in the first period, with a coal-burning rate of 24.2 lb 
per sq ft of grate area per hr, the average efficiency of the eight 
boilers was 86.6 per cent, and in the second period, with a coal- 


€ Mechanical Engineer, The Brooklyn Edison Company, Inc., 
Brooklyn, N. Y. Mem. A.S.M.E. 

7“Ten Years of Stoker Development at Hudson Avenue,” by 
J. M. Driscoll and W. H. Sperr, Trans. A.S.M.E., vol. 57, 1935, paper 
FSP-57-3, pp. 49-58. 
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burning rate of 22.1 lb per sq ft of grate area per hr, the average 
efficiency was 86.8 per cent. These facts establish the plant 
operation in the second period as being substantially equal to 
that in the first period. 

From the foregoing considerations, the writer deduces the 
personal corclusion that in the Hudson Avenue Station over a 
period in which it has been established that the quality of equip- 
ment operation was maintained, and for the load conditions of 
that particular station, the addition of zoned-air control to eight 
stokers did not show any appreciable gain in the operating effi- 
ciency of the boiler units with which they operate. 

The writer is conscious that numerous factors influence the 
comparison just made. Unfortunately, it is not possible to 
segregate the influence of all these factors in the problem, and we 
have to accept what admittedly must be recognized as a charcoal 
sketch of the situation. 

Were the operating loads to be raised, there is no question but 
that zoned-air control would show an efficiency gain on these 
stokers. 

The writer believes that were the dampers to be operated with 
automatic regulators similar to the Connors Creek installation, 
improved results would be obtained, but that the improvement 
over manual operation would not be sufficient on the present Hud- 
son Avenue load cycle to be measured by annual operating results. 

On the specific stoker to which these comments apply, and for 
the coal being burned, there is a 30 to 40 per cent gain in peak 
capacity ability assignable to zoned-air control. The gain in 
capacity is accompanied by decreasing efficiency, that is, top 
capacity with zoned-air control is at lower efficiency than operat- 
ing at top capacity without zoned-air control. To illustrate, if 
350,000 Ib of steam per hr flow is the peak without zoned-air con- 
trol and 500,000 lb of steam per hr is the peak with zoned-air 
control, the efficiency of 500,000 Ib of steam per hr is lower than 
that at 350,000 lb of steam per hr. 

The writer believes that the benefits of zoned-air control would 
be greater on a long stoker than on a short stoker. For example, 
in comparing a 30-retort double-ended stoker with a 15-retort 
stoker, both of the same total projected area, the problems of coal 
handling and ignition on the long, single-ended stoker at high 
coal-burning rates appear more difficult and hence this construc- 
tion probably stands to gain more by localized air control. Stated 
another way, as the inherent coal-burning ability of the stoker, 
without zoned-air control, is increased, the further benefits gained 
by the addition of zoned-air control, may be found to be a di- 
minishing value. 


E. C. M. Srauu.* There is at present a very definite objective 
in the design of all power-plant equipment. This is the matter of 
safety. The zoned-air control has added to the safety of the stoker 
operator at higher ratings. This control has made fuel-bed con- 
ditions more stable and reduced the dangers of opening furnace 
doors for the observation of fire conditions. Furthermore the 
amount of observation has been reduced so that, generally speak- 
ing, there is little likelihood of an accident due to fuel blowing off 
the stoker. Since air-control zones have been installed the com- 
pany with which the writer is connected has not lost a single 
section of fuel bed at ratings up to 500,000 lb of steam per boiler or 
fuel-burning rates of about 75 lb per sq ft per hr, and where small 
holes have developed in the fuel bed it has been a simple operation 
to fill them up with no loss of rating or capacity. 

Another advantage which we have found in the use of zone 
control is that less time is required for starting fires under cold 
boilers and less fuel is required in the process. 

While the matter of the correct percentage of CO, depends to a 
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large extent on the type of fuel burned and the equipment with 
which it is burned, the writer wishes to point out that the curve 
showing the comparison of the percentages of CO, in the flue 
gases at Beacon Street boilers, as shown in Fig. 9 of the paper, 
with and without metered-air control is of interest. This com- 
parison of CO, percentages was obtained on two different boilers 
and, of course, there is always the possibility that part of the 
difference at least may have been due to differences in the tight- 
ness of the boiler settings or other variables. Such differences 
in CO, as shown at Beacon Street have not been found at Hudson 
Avenue Station, and we have been able to satisfactorily obtain 
high CO, percentages without the use of the zone control. Fur- 
ther from our own observations we question the advisability of 
carrying as high as 15 per cent CO, in daily stoker operation. It 
has been our experience that the gain due to lower dry-flue-gas loss 
is more than offset by increased losses in carbon monoxide and 
unburned hydrocarbons. Unfortunately the usual type of Orsat 
apparatus does not give an accurate picture of the losses due to 
unburned gases. However, more complete analysis has shown 
that from 14 to 14'/2 per cent CO, is the most economical point 
for regular operation. 


Str Leonarp Pearce.’ Operating practice in Great Britain 
with underfeed retort stokers has not yet reached the stage where 
combustion rates are unattainable without air control. Normal 
operating rates of 42 to 45 lb per sq ft, and overloads of 55 to 58 
lb per sq ft are at present being used with coals averaging 11,500 
Btu per lb. This is a somewhat lower heating value than that of 
the coals referred to by the authors, and as a consequence there 
is a tendency here to obtain slightly higher rates of combustion 
without air control than would be true of the authors’ experience 
with coals of higher heating value. , 

Apparently the conception of the earlier air-control systems, 
such as those described at Delray and at Beacon Street, was to 
adjust the air-fuel ratio by adjusting the air flow to individual 
fuel-bed subdivisions in conformity with the quantity of fuel over 
that subdivision, even to the extent of undue throttling of air flow 
on an abnormally thin fire. 

As opposed to this conception, it is noted from the paper that 
the more recent design at Conners Creek functions so as to main- 
tain a constant flow of air to each fuel-bed subdivision and not to 
prevent dampers closing down below a predetermined figure. It 
would be interesting to have information as to the relative merits 
of the two systems and the reasons for the change. 

The setting of the damper in the box controlling each sub- 
division of the fuel bed is an indication of the thickness or con- 
dition of that fuel-bed subdivision where the stoker is operated on 
an air-fuel ratio as at Delray and Beacon Street. 

At Conners Creek, where there is the constant-flow-of-air sys- 
tem, it would appear that this feature is limited and cannot apply 
for fire thicknesses or air-flow resistance below the normal. 

It is noted from Fig. 11 of the paper that each subdivision on 
the Conners Creek stokers corresponds closely to that portion of 
the fuel bed which is solely under the control of one pusher, and it 
would appear from the text of the paper that damper-position 
indicators have been fitted on the third air-control system to be 
installed at Conners Creek. 

If, as is presumed, the meter boxes at Conners Creek are each 
arranged to supply air to those portions of the fire which are each 
solely under the control of one pusher, these damper-position 
indicators will in effect “tell” the operators which pushers, and to 
what extent each pusher, needs adjustment. 

It would appear, therefore, that in the later Conners Creek 
designs air-flow and coal control are correlated in such a way that 
the former prescribes the latter, whereas this is not true in the 
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same sense of the Delray and Beacon Street installations. This is 
a development of such substance that the writer would have 
expected it to receive greater emphasis in the paper because, as the 
authors observe under ‘Use of Fuel-Bed Shape,” coal control is 
basic and, irrespective of the air-distribution method available, is 
essential to efficient combustion. 

Undoubtedly, the ability to zone the air supply along the length 
of the grate is of greater value when control over distribution in a 
lateral direction is also obtainable. The air supply through the 
zone at the front of the grate can be restricted to prevent too high 
a rate of volatilization at that zone, thereby allowing more of the 
volatiles to be distilled nearer the rear of the stoker where the fuel 
bed is more porous and where, as a consequence, a higher rate of 
air flow is permissible. Presumably, that is why a higher per- 
centage of the total air is shown passing through the lower tuyére 
zone than passes through the upper tuyére zone as indicated in 
Fig. 10 of the paper. It is rather surprising to note the large 
percentage of air flow under the heading of ‘‘Setting Leakage and 
Unaccounted For.’”’ The amount attributed to stoker leakage 
also leads one to the conclusion that the measurements have been 
taken on an old-style stoker without seals between the pushers 
and tuyére support sides. 

Greater detail might have been given about the method of 
maintaining zoning under conditions of changing load. The 
ability to maintain a constant air-fuel ratio under conditions of 
load change is a subject that should be of considerable interest to 
all power-station designers, and especially those having to con- 
tend with conditions involving low load factors. 


D.8. Jacospus.'° The paper gives evidence of the same painstak- 
ing developments that have been characteristic at the plants of the 
Detroit Edison Company. In discussing papers presented to the 
Society on the later developments and improvements, the writer 
has referred many times to his experience in making tests over 20 
years ago at the Delray Station. The paper shows that im- 
provements are still the order of the day and that the old practice 
of applying the best skill and technical knowledge to the opera- 
tion of the boiler plant is still in force. 

The data presented show that the zoning of the air supply to 
the stokers has led to worth-while improvements. The writer has 
seen the stokers at the Conners Creek plant in operation and the 
appearance of the fires and the conditions indicated by the instru- 
ments on the operating board were certainly very good. Those 
responsible for the development should be congratulated. 


AutTHors’ CLOSURE 


Mr. Armour’s discussion leads up to his final statement that 
where large coal-burning capacity is required, pulverized fuel 
should be used because of the simplicity of the installation and 
the ease of the application of control for maintaining daily opera- 
tion at the highest possible efficiency. The basis of selection of 
the fuel-burning equipment is much more complicated than this 
and does not come within the scope of this paper. 

As for the effects of manually controlled dampers, the operation 
of a simple damper based upon the observation of the fuel bed 
is quite different from the operation of a damper based upon an 
air-flow indication. It is particularly noticeable at all low 
combustion rates that the quantity of air passing through the 
extension grates can be changed greatly without perceptibly 
altering the appearance of the fire. The change, however, is 
indicated by the CO, analysis. Although higher every-day 
operating efficiency with the manual-control system has not 
yet been demonstrated, the increased dependable fuel-burning 
rate does make this system an important improvement in the 
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art of fuel burning. Large stokers, where parts of the fuel bed 
cannot be easily observed, have been successfully operated for 
many years. Metered-air control is intended to improve the 
results obtained from their use. 

The possibility of objections to the frequent adjustments of 
the dampers usually depends upon the class of operator employed. 
High-class operators will recognize the benefits which equipment 
of this type provides, and will use it to the best of their ability 
without complaint. The men naturally expect to be busy during 
the periods of high combustion rates. 

While the automatic damper control does provide more uni- 
form regulation, it does not follow that highly sensitive auto- 
matic equipment is essential to the success of metered-air control. 
With the variable-size throats, such as are used at Beacon Street, 
the difference in air flow is negligible with a variation in gage 
differential of + 0.02 in. of water. Most of the gages can be 
kept witbin this range without too great difficulty. 

The optimum air distribution for the Beacon Street stokers, 
as shown by Fig. 10 of the paper is different from that which had 
been expected. This is due to the complicated process of under- 
feed-stoker combustion rather than to the deficiency of air in 
some areas and an excess in others. When insufficient air is 
supplied to the upper tuyére zone, smoke is visible above the 
fuel bed. This invariably will cause a smoky stack. Also it is 
possible to build an active coke bed over the extension grates 
when the combustion rate becomes moderately high, which pre- 
vents the admission of excess air at this point. With cold air, 
ignition progresses slowly and the volatile is not all liberated in 
the upper zone. Inspection of the stokers during shutdowns has 
revealed only partially coked coal above the pushers at the 
middle of the lower tuyére zone. The portion of air supplied to 
the upper tuyére zone can be increased considerably with only a 
small decrease in the CO, produced. 

The statement, to which Mr. Chatel refers, that the over- 
compensating feature of the Beacon Street manual control is 
not used might be explained in greater detail. Uneven air flow 
may be caused by clinkers or other congestion of the fuel bed 
or by an uneven fuel supply due to segregated, wet, or possibly 
frozen coal. Clinkers and matting of the fuel bed do not inter- 
fere greatly with the coal supply and if the predetermined quanti- 
ties of air are supplied to all sections, the fire will tend to remain 
even. 

Nonuniform coal supply is a different problem. Those re- 
torts receiving the smaller amounts of coal require less air or 
the section will burn thin. Adjustment of the pusher strokes 
may help the situation but cannot entirely correct the fuel-bed 
unevenness. When the combustion rate is less than 50 lb of coal 
per sq ft of grate area per hr, uneven coal feed, which is encoun- 
tered infrequently, apparently does nut create a serious problem. 
The situation can be corrected by changing power-box speeds 
and maintaining the predetermined air flow. When the com- 
bustion rate is higher than 50 lb per sq ft per hr, the problem 
may be somewhat more complicated. Under these conditions, 
the overcompensating feature has been found to be of con- 
siderable value, particularly for the extension grates and lower 
tuyéres. 

The description by Messrs. Eaton and Stickle of the air- 
control installation at the Edgar Station in Boston is appreciated. 
Answers to their questions are as follows: 

1 The original stoker at Delray had six pushers and six air- 
control zones. To eliminate the trouble from siftings which in- 


terfered with the air-control box operation, the air-control system 
was rebuilt to have four zones. At about the same time, changes 
were made in the coal-pusher arrangements to improve the 
control of the fuel bed and to prevent siftings. Four large pushers 
separated by fixed coal plates were substituted for the six moving 
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pushers. While no great stress was given to the fact that the 
number of pushers equalled the number of zones, it was thought 
that this arrangement would be convenient for making pusher 
adjustments to help maintain a uniform air flow and fuel-bed 
resistance. 

2 It is believed that the upper curve of Fig. 9 of the paper 
represents more accurately the CO, produced than a straight line 
drawn mathematically through the points. There is, however, 
some tendency for the CO, at the boiler outlet to fall off slightly 
with boiler loads over 450,000 lb of steam per hr. This is due 
to infiltration into the boiler setting, rather than to combustion 
characteristics. 

3 The plenum chamber of boiler No. 5 at Beacon Street is 
divided into an upper and lower section by a partition which 
also acts as a siftings hopper. This is not shown in Fig. 8 of the 
paper. Air is delivered to the lower section from the fan. The 
meter boxes, attached to the bottom of the tuyére boxes, extend 
through this partition and receive air from the lower chamber. 
Air from the lower chamber passes through a large meter to the 
upper chamber and enters the fuel bed through small openings 
around the pushers and elsewhere. The air passing through this 
meter, called stoker leakage, enters the fuel bed from the plenum 
chamber but is not subject to control by the air-control system. 
This arrangement was purely experimental, and is not regarded 
as a standard feature. 

4 The decreased maintenance seems to be general rather 
than confined to any one part of the stoker. 

5 No provision, other than that for the control of siftings 
through the stoker has been made to minimize the leakage of air 
around the stoker pushers at Beacon Street. At Delray and Con- 
ners Creek, the sifting and air leakage around the pushers has 
been reduced greatly by using dead plates between the pushers, 
by reducing the clearance between the pushers and tuyére-box 
sides, and by using a spring type of wiper between the stationary 
and moving parts. 

6 The arrangement for supplying air by retorts at Conners 
Creek is quite simple. The meter boxes are located several feet 
below the tuyére supports and the duct leading to the tuyéres 
is divided so there are several feet of clear space directly below 
the pushers. Permanent gratings, extending across the plenum 
chamber, are located so that all parts under the stoker can be 
reached. This provides adequate access. At present it appears 
that the pushers and driving mechanism will require very little 
maintenance. 

Mr. Landis shows in his discussion that Hudson Avenue opera- 
tion produces little, if any, gain in operating economies with the 
use of manual metered-air control beyond a very remarkable 
increase in maximum possible coal-burning rate. This essentially 
agrees with the Beacon Street operating results, where normal 
operating attention to damper adjustments by the fireman on 
a boiler equipped with a manual metered-air control produced 
only an insignificant gain in the efficiency of combustion over 
that possible with a similar boiler not so equipped. 

Mr. Landis is correct in stating that gain in capacity is ac- 
companied by decreasing efficiency because the losses, especially 
to the stack, must necessarily be greater at the peak load possible 
with metered-air control as compared to the peak load possible 
without control. On the other hand, the comparable efficiency 
when operating with metered-air control at a load equal to the 
peak possible without metered-air control would show a value in 
favor of use of the control equipment. 

Any additional benefits which may be derived from the use of 
metered-air control when applied to a long, single-ended stoker 
as compared to that for a shorter, double-ended stoker of similar 
total area cannot, as yet, be answered by the authors from 
experience with present installations in The Detroit Edison Com- 


pany. The first installation has been made on one of the long 
stokers at Delray No. 3 using control equipment duplicating the 
Conners Creek design. Principally, the purpose of installations 
on these boilers is to increase the efficiency of combustion and 
reduce the expense of iron replacement in the furnace. The 
possibility of any considerable increase in load-carrying capacity 
of the boiler is rather remote unless additional fan capacity is 
provided over that now available. Up to the present time, 
sufficient experience and data to substantiate or refute the state- 
ment of Mr. Landis are not available. 

Mr. Stahl expresses certain facts relative to the usefulness 
in operation of equipment for metered-air control. Efficiency of 
combustion which is a function of excess air, or CO:, of the 
flue gases may be governed to some extent by the attention given 
to adjustment of the dampers for metered-air control. This fact 
has been proved at Beacon Street, and is a principal feature of 
the automatic metered-air control where constant and sub- 
stantially instantaneous readjustment is always available as 
needed. 

Sir Leonard Pearce points out apparent differences in operating 
principle of the Conners Creek design as compared to that 
previously used at Delray No. 3 and Beacon Street. 

Actually, there is no difference beyond the mechanical method 
of applying the control. The basic principle of each from the 
standpoint of controlling the admission of air to the fuel bed is, 
for any particular load or rate of burning, to maintain a constant 
and predetermined distribution of air-flow quantity to the various 
fuel-bed subdivisions. From the standpoint of fuel-bed control 
they differ in that the Conners Creek design does not attempt 
to correct an uneven fuel-bed condition but does tend to prevent 
the occurrence through its almost instantaneous action in main- 
taining a constant-flow quantity at any load. If such a condition 
should develop, caused by clinkering or uneven fuel movement 
on the stoker or in the stoker hopper, the correction is a duty of 
the operator, to be accomplished through adjustment of the 
stoker. At Beacon Street the procedure is the same except that 
it is possible, if desired, to change the air-fuel ratio at the par- 
ticular spot of congestion to accelerate a correction. In the origi- 
nal Delray installation, the air-control equipment was expected 
automatically to correct an uneven condition in any subdivision 
area through overcompensation, or change in air-fuel ratio, as 
already described. It could not correct a clinkering condi- 
tion or uneven coal flow and for that reason also required the 
same manual attention by the operator. Obviously, also, because 
the Delray equipment lacked the sensitiveness that is present in 
the Conners Creek equipment, any normal unevenness of the fuel 
bed could not be prevented. 

The establishment of fuel-bed shape as a means of air-distribu- 
tion control in stokers where metered-air control is not available 
should not be confused with the establishment of the fuel bed 
in stokers where metered-air control is available. In the first 
instance, “shape” establishes a resistance pattern which roughly 
zones the air supply, in addition to distribution and movement 
of the fuel on the grate according to the load. In the second 
instance, “shape” need be concerned only with distribution and 
movement of fuel on the grate according to the load. 

The maintenance of zone distribution ratio with varying load 
has been successfully solved through the development of auto- 
matic master controls for zone loading of the controllers, actuated 
from plenum-chamber pressure. For the present design, this 
ratio is maintained at a constant value irrespective of load, unless 
manually varied, although arrangements to vary the ratio 
automatically with load have been devised. Operating tests have 
shown that any considerable change in the distribution ratio 
with load is not required to maintain good combustion con- 
sistently. 


¥ 
‘ 
i 
teas 
| 
| 
| 
} 
| 


DISCUSSION 411 


Locomotive and Car-J ournal Lubri- 
cation’ 

L. K. Sittcox.? The provision of adequate lubricating means 
and the service lubrication attention accorded all types of bear- 
ings can be quite properly considered as preventive mainte- 
nance. Its function is to forestall the positive failure which would 
occur should lubrication be interrupted. In so far as car-journal 
lubrication is concerned, the fact that hot-box and journal-bear- 
ing failures are not more prevalent in view of the frequent mal- 
treatment and mishandling which they receive under typical 
maintenance conditions is a tribute to the design as is the fact 
that the standard brass has been perpetuated through the years 
without substantial change. The dependence which has been 
placed upon the raising of the lubricant from journal-box well to 
the journal surface by capillary action is entirely well founded. 
Difficulties are experienced, of course, and hot boxes are far from 
unknown but, with records showing 200,000 freight-car miles or 
1,600,000 journal miles per hot box, equivalent to one hot box 
per 20 years for a car which operates 10,000 miles annually, 
the question of how much a railroad can afford to pay, either in 
an improved mechanism for delivering the lubricant to the 
bearing, in improved bearing design, or in more exacting main- 
tenance, is a question to which no answer can be made directly. 
A hot box is a serious and costly type of potential train failure 
when the train and lading delay, possible damage to the journal, 
and inherent hazard are considered in addition to the switching 
cost and routine corrective measures which must be taken. With 
all the facts before him and with an assured performance guarantee 
of an alternate journal assembly design, the railway mechanical 
officer can reduce costs to a tangible basis for an advised de- 
cision. Unfortunately, accurate costs are seldom available. 

Very interesting is the fact that on a car-mile basis, approxi- 
mately half the number of passenger-car journal bearings are 
renewed as compared with the corresponding freight-car figures, 
notwithstanding the fact that the majority of passenger cars 
have 50 per cent more journals per car and carry a uniform load 
more nearly in line with journal capacity. The writer expects 
that the author would assign the reason for this to more careful 
inspection, expert attention, the universal practice of initially 
fitting bearings to passenger-car journal diameter, and probably 
the more strict maintenance of the journal-box assembly with 
particular reference to the journal-box lids, dust guards, waste 
packs, and plugs. The fact that a passenger car operates more 
miles per year than a freight car, moving a far greater propor- 
tion of the time and at higher speed, would also be a factor in 
improving bearing performance and the writer is not sure that 
the improved suspension of the car body and the better wheel 
maintenance do not have a preponderant influence. While 
laboratory tests are seldom conducted in a fashion which would 
permit assignment of responsibility to these various causes, 
perhaps the field survey which provided the comparative bearing 
renewal figures is subject to analysis which would shed some light 
on these questions. If, as a result of his investigation, the 
author can provide an explanation of the conditions to which 
he refers as they relate to comparative performance as di- 
vided between freight and passenger services and as between 
the two railways whose records he cites, such further data 
would be helpful in appraising the facts and would serve as a 
guide in fixing maintenance practices. 

Stress is laid upon the proper fitting of the bearing to the 
journal on its initial application. The writer has reason to draw 


1 Published as paper RR-58-1, by E. S, Pearce, in the January, 
1936, issue of the A.S.M.E. Transactions. 
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a reasonable parallel between the exposed contact surface of a 
journal bearing and that of a brake shoe. Paradoxically, in the 
art of train braking, we seek adequate area to provide an ef- 
fective full-contact friction element. In bearing practice, ample 
bearing area has the effect of reducing frictional resistance. In 
both cases, of course, the aim is to avoid concentrated-pressure 
areas with high local heating, damage to bearing in the one case, 
and damage to wheel tread or rapid abrasion of the brake shoe 
in the other. It would be impracticable to fit brake shoes to 
wheels even though it has been repeatedly shown that improperly 
fitting brake shoes (new shoes) prolong stopping distances 20 to 
30 per cent. Brake shoes wear quickly into conformity with the 
contour of the wheel tread; journal bearings do not. The broach- 
ing of all journal bearings of one standard size to a common 
diameter, would probably insure continuous contact throughout 
the length of the bearing but, unless the diameters of both bear- 
ing bore and journal conform, concentrated pressures may re- 
sult. Proper fitting must be a selective procedure and the ques- 
tion must be settled as to whether or not the benefit is consistent 
with the cost. 

The distribution of fluid pressure within a lubricated bearing, 
giving rise to schemes which would take advantage of hydro- 
dynamic action to feed the lubricant to the zones of highest 
pressure was first analyzed by Osborne Reynolds who interpreted 
the results of experiments conducted in 1883 by Beauchamp 
Tower for a Committee of the Institute of Mechanical Engineers. 
A partial bearing with a spanning are of 157 deg, markedly similar 
to those common in railway service, was used in these tests and 
pressure-distribution curves were constructed, both longitudinally 
and transversely of the contact surfaces. These took the identical 
form of the curves presented by the author in Fig. 15 of the paper. 
The early experiments had the immediate effect of modifying 
practice in the milling of distribution grooves in the bearing face 
to prevent the conduction of lubricant out of the bearing at the 
ends and to discourage cutting away the bearing surface in the 
region of maximum pressure. While the theory underlying this 
procedure has been known for many years, it has too often been 
disregarded. Likewise, the desirability of properly chamfering 
the leading edge of a partial bearing to provide a fluid wedge is 
not always respected. The scientific use of hydrostatic pressure 
to circulate the lubricant may be very properly employed pro- 
vided the cost of adapting the construction to utilize the principle 
is in keeping with the practical benefit derived. 

Independent tests which have been conducted at various times 
to determine the relative frictional resistance of plain and roller 
bearings in railway service display widely different results 
throughout the entire speed range. All agree as to the ability of 
roller bearings to reduce bearing friction at starting to a fraction 
of the value attendant upon the use of A.A.R. plain bearings. 
The comparative values beyond very low speeds are apparently 
still in question. Then, too, the variation in their respective 
characteristics with temperature differences and lubricant selec- 
tion merits careful investigation. The conclusions which might 
be drawn from Fig. 25 of the paper may be very misleading unless 
the actual circumstances surrounding the separate values from 
which the curves were constructed are known and unless the 
curves represent the average of a sufficient number of observations 
to make them truly representative of results under stated con- 
ditions. Below a speed of 5 mph, a decided reduction in bearing 
friction, favorable to the antifriction type, would be assured. 
While, with the practice of taking slack in starting, this may not 
permit an increase in the tonnage which a locomotive can handle, 
roller-bearing applications do assist toward permitting smoother 
starts, a benefit in the directions of, first, equipment maintenance, 
second, damage to lading, and third, comfort of passengers. No 
inflexible rule can be laid down to define the economical field for 
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application of any bearing type such as A.A.R. standard, modi- 
fied plain bearings, or roller bearings, and the need is for complete, 
definite, and reliable information relating to the performance of 
each which will permit proper evaluation of their respective 
merits. 


Rosert Jos.*? Under the heading “Method of Broaching 
Bearings,” the author states: ‘The conclusion drawn from 
the comparisons studied are that the proper broaching of bear- 
ings is essential to a low coefficient of friction and a satisfactory 
operation.”” This conclusion would be accepted if a new bear- 
ing were applied to a new journal, but might require some modi- 
fication if a newly broached bearing were applied to a more or 
less worn journal, as generally is the case in practice. Under the 
latter conditions, the advantage derived from broaching might be 
offset by the disadvantage resulting from the worn condition of 
the journal, and the writer would be glad to know just what 
modification the author would recommend in order to secure the 
best possible fit under such conditions, particularly if the bearing 
were changed at a distance from the shops. 


TABLE 1 CANADIAN ATS SPECIFICATIONS FOR CAR 
New 


oil oi 
gravity at GO F, deg 25 19.1 
Viscosity, Saybolt Universal, at 100 F, sec.......... 200 203 
Viscosity, Saybolt Universal, at 210 F, sec.......... 45 46 


Under the heading “Oils,” the author states: ‘Generally, it 
may be presumed that the tabulated specification requirements of 
the A.A.R., as shown in Table 1, are representative of present 
practice.” This statement, however, is incorrect as applied to 
roads operating in the Northern and Northwestern states and in 
Canada, where winter temperatures at times are liable to be very 
low, and under such conditions the A.A.R. all-year oil, accepting 
a pour point of 0 F, has proved unserviceable and unsatisfactory. 
It should also be remembered that under the standard A.S.T.M. 
method for pour point, which is specified by the A.A.R., an oil 
might be accepted which, after being frozen, would remain solid 
at 25 F, although after the special preheating to 115 F specified 
by the A.S.T.M. method, this same oil might remain liquid down 
to 0 F and, therefore, pass the specification requirements. This 
anomalous condition caused so much trouble in service that the 
A.S.T.M. method for pour point was discarded by the writer’s 
company some years ago as it gave misleading results, and the 
writer took occasion to bring this to the attention of the A.S.M.E. 
and the A.S.T.M. in December, 1933. 

In conducting the cold test of these oils, the writer’s company 
first freezes the oil solid, in line with the conditions in service, 
and then removes it from the freezing bath and stirs carefully until 
the oil flows. This temperature is taken as the “cold test’’ of 
the oil. This method is essentially the same as that used by 
Dr. C. B. Dudley many years ago. In our practice dry ice in 
acetone is used as the freezing mixture. It may be of interest 
to mention that the properties of the new and reclaimed car 
oil used on Canadian National Railways are about as given in 
Table 1. 

The author very properly points out that the use of sum- 
mer and winter car oils is impracticable, and it might be added, 
the farther north the oil is used, the more unsatisfactory the 
service. 

The writer would like to mention the necessity of the pre- 
cautions recommended to exclude dirt and water from journal 
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boxes by keeping them tight. It has been the writer’s experience 
that over 75 per cent of hot boxes are attributable in one way or 
another to the presence of water in the box. This is a mechanical 
feature which it is particularly fitting to mention, since it im- 
presses the importance of simple and effective means of exclud- 
ing dirt and water from the boxes under service conditions. 


J. R. Jackson.‘ Aside from the preliminary statistical infor- 
mation and general description of his laboratory, the writer 
believes that the author has made four major points relating to 
oil-waste journal lubrication, namely, (1) bearings, (2) oils, 
(3) waste and packing, and (4) dust guards. While these should 
be considered collectively in a general study of the problem of 
journal lubrication, the writer will discuss each one separately. 

Bearings. The author’s presentation covering this point is 
particularly noteworthy in that he has established the character- 
istics of the present standard conventional plain car-journal bear- 
ing and, through progressive steps, developed modifications in the 
method of preparing the bearing surface and in the lubricating 
system which constitute a decided improvement in test-plant 
performance for the modified bearing over the conventional 
bearing. 

That these improvements shown in the laboratory are to be 
realized in service is being established on the railroad with which 
the writer is connected by service tests during the past 2'/, 
years of one hundred 5 X 9-in. and one hundred 5'/; X 10-in. 
vacuum-type bearings under passenger equipment and twelve 
6'/; X 12-in. vacuum-type bearings under freight locomotives 
on engine-truck and trailer-wheel journals run in comparison with 
the conventional plain bearings in parallel service. While these 
tests are still in progress, it is quite evident from the service data 
available to date, that the vacuum-type bearing gives longer 
service life and more reliable journal lubrication, other things 
being equal, than does the present standard plain bearing. 

Comparative laboratory tests made with a vacuum-type bear- 
ing and a roller bearing run under the same conditions of load and 
with the same grade of lubricant, as presented by the author, show 
that the frictional resistance of the roller bearing exceeds that 
of the vacuum type at all speeds above approximately 6 mph., 
thus indicating that the possibilities of the present type of journal- 
box have not been exhausted and that roller bearings, from the 
standpoint of running train resistance at least, are not essential 
to high-speed or even moderate-speed train operation. 

Oils. While it has long been the practice of the railroads of 
this country to purchase car oils to meet certain chemical tests 
as set up in the conventional specifications, the writer agrees with 
the author that there is a question as to the value of these present 
specification constants toward determining the lubricating value 
of an oil. In the writer’s experience they serve, at best, as a 
rough check on the uniformity of the oils purchased to a given 
specification over a period of time. 

It is true that the oils conforming to present specification values 
have a background of years of service and millions of car miles 
and have been considered as adequate but, with the rapid develop- 
ments in the art of producing lubricating oils during the past 
several years it is becoming more and more evident that speci- 
fications for a lubricating oil should be based on physical as well 
as on chemical properties. This applies to the renovated or 
reclaimed oils which are becoming more and more commonly 
used for car-journal lubrication, as well as to the new oils. 

It would appear that an all-year car oil for all railroads in this 
country is a possibility along with the maintenance of the desired 
lubricating qualities of that oil after being renovated. The thing 
that stands in the way of accomplishing this ideal seems to be the 
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divergence in the opinions of both manufacturers and users of 
this class of lubricant and the solution would appear to lie in well- 
considered and well-executed laboratory research to develop the 
facts as applying to the problem as a whole, proving of the labo- 
ratory tests by service tests in actual road service, and final adop- 
tion and enforcement of the essential physical and chemical 
specifications covering the grade or grades of oil finally worked out. 

Waste and Packing. Because of the fact that the great ma- 
jority of car journals on American railway equipment depend on 
oil-saturated waste packing to store and feed the oil to the journal, 
this is an important subject in the consideration of the problem 
of car-journal lubricating. Here again, there is a considerable 
divergence of opinion as to what is the proper material or com- 
bination of materials for the new waste to be used in making up 
the packing and consequently there is little uniformity in the 
practices of the railroads of this country in this respect. In the 
case of the reclaimed or renovated packing, as the author points 
out, there is a decided need for the development and adoption of 
specification requirements to take the place of the rather vague 
and loosely drawn rules which now govern this item as applying 
to the grade of packing acceptable in cars in interchange service. 

Dust Guards. The need for a dust guard has long been recog- 
nized as evidenced by the provision for these members in earliest 
designs of the car-journal boxes, but it was left to the author of 
this paper to demonstrate the shortcomings of the conventional 
designs and constructions and, through well-considered research 
to develop a design to function as originally intended in a box 
having a comparatively rough-cored dust-guard cavity. 

The writer’s experience with several hundred of the style-B 
dust guards operated on through-passenger equipment during the 
past summer through territory where dust storms were causing 
unusually difficult operating conditions, proved their superiority 
over the conventional designs in a most conclusive manner. 

In closing this discussion the writer wishes to compliment the 
author on his excellent presentation which should serve to 
stimulate interest in lubrication. It appears quite evident that 
improvement in car-journal lubrication can best be accomplished 
through consideration of the journal box as a whole, leading to- 
ward the improvement in details of the design of essential parts, 
in the lubricant and in the method of feeding the lubricant to 
the journal with the view of developing a correlation of parts, 
materials, and practices to insure operation without attention over 
extended periods of time to meet future requirements. It is 
further apparent that this end can best be reached through co- 
ordinated research and development for the railroads of the 
country as a whole rather than through the present method of 
individual experimentation and testing carried on by the several 
roads. 


B. W. Taytor.’ With reference to Fig. 25 of the paper, which 
shows frictional resistance plotted against speed for a roller bear- 
ing and for plain bearing No. 18 the writer wishes to point out 
that tests and investigations made in the research laboratories of 
the SKF Industries do not check with the results obtained by the 
author. The investigations referred to by the writer show that 
the roller bearing customarily used by SKF Industries for a 
5'/2 X 10-in. journal should have a frictional resistance of approxi- 
mately 0.7 lb per ton when loaded to 16,600 lb. This quantity 
is subject to some variation even under test conditions and to 
considerable variation in practical operation. In the laboratory 
tests under the conditions referred to by the writer, frictional re- 
sistance has been found to be 0.9 Ib per ton at 64 mph. At this 
point the approximate values given by the author in Fig. 25 are 
1 Ib per ton for bearing No. 18 and 1.25 Ib per ton for the roller 
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bearing. Quite aside from the absolute values given it is difficult 
to see any reason why the roller-bearing curve should have the 
variation in slope which it shows between 10 and 70 mph. 
To the best of the writer’s knowledge all the recorded tests indi- 
cate that this is a smooth and uniform curve, and approximately 
a straight line. 

In any such comparison of roller and oil-film bearings the 
proper way to deal with the question is by an examination of the 
basic frictional characteristics of the two types of bearings. 
These characteristics are entirely different and may be illustrated 
in principle by the curve shown in Fig. 1 of this discussion. In 
this curve the coefficient of friction is plotted against the so- 
called single criterion ZN/P, where Z is the viscosity of the 
lubricant in centipoises, N is the speed, and P is the bearing pres- 
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Fig. 1 FrictionaL CHARACTERISTICS FOR PLAIN AND 
BEARINGS 


sure per square inch of projected area. Both the ordinate and 
abscissa of these curves are dimensionless units and the factor 
ZN/P has been shown by a number of investigators to be a 
rational measure of the coefficient of friction. For any plain 
or oil-film bearing there is an optimum point A which has a mini- 
mum coefficient of friction. All points on the curve which lie 
to the right of A are in a region of stable lubrication where the 
oil film is completely maintained but with variation in coefficient 
of friction as indicated. All points to the left of A are in a region 
of unstable lubrication where an incomplete oil film obtains and 
where a hot bearing is liable to occur at any time. 

The basic difference between the oil-film bearing and the roller 
bearing, whether it has tapered, spherical, or cylindrical rollers, 
is that the curve for the latter type is practically flat and has no 
critical point. For a roller bearing there will be a slight variation 
in coefficient of friction with speed, but it is very slight and will be 
more pronounced for lightly loaded bearings than for heavier- 
loaded bearings such as used on railway journals. It is quite 
possible for the frictional characteristic of a roller bearing to be 
above the optimum point of the plain bearing as shown by curve 
B. Itis possible to obtain such results with the best design of a 
plain bearing. On the other hand the curve may occur below the 
optimum point as shown by C. This again is somewhat beside 
the point so far as practical considerations are concerned. The 
thing of major importance is that any oil-film bearing, whether of 
the standard A.A.R. type, or like bearing No. 18 as developed 
by the author, has a critical point, variations from which will 
produce either a hot bearing or a substantial increase in bearing 
friction. Attention is called to the fact that the roller bearing 
has no such critical point. 

A number of investigators have studied these characteristics 
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of oil-film bearings and the writer believes that the ZN /P con- 
cept was first set forth by Wilson and Barnett.*® 

The writer quotes from the paper by Wilson and Barnett:¢ 
“The value of the ball and roller types of bearings lies not in their 
given coefficients as low as are obtainable near the critical points 
for good journal bearings, but in the fact that they give a very 
flat curve of moderate height with no critical point and sharp 
rise in the coefficient at low values of ZN/P.” 


R. J. Brrrrarn.?. The author’s Fig. 25 indicates that the plain 
bearing has an advantage over the roller bearing in frictional 
resistance. No other reference to a roller-bearing test is made in 
the paper. It would be of considerable interest to have further 
particulars, including type of bearing, comparative size with the 
plain bearing, and method of mounting and loading. The results 
of laboratory tests made by the Hyatt Roller Bearing Company 
do not agree with the author’s Fig. 25. The tests to which the 
writer refers indicate that journal resistance per ton increases 
with the speed from about 100 rpm (10 mph) for both plain 
bearings and roller bearings, and have also shown the roller- 
bearing resistance to be less than the plain-bearing resistance. 
The tests of journal resistance were made on standard 5 X 9-in. 
journals under 15,500-lb load. They indicate a starting journal 
resistance of 16.8 lb per ton for plain bearings, which decreases 
to slightly over 1 lb per ton at 100 rpm, and which then increases 
with the speed to about 1.4 lb per ton at 600 rpm. The roller- 
bearing journal resistance starts at about 0.42 lb per ton and 
increases to about 0.66 lb per ton at 600 rpm. These tests were 
all made with winter-grade car oil. 

Service tests made by a large middle-western railroad also 
indicate a decided advantage for roller bearings. These tests 
made with dynamometer showed total train resistance on seven- 
car trains made up of 50-ton passenger coaches with 5 X 9-in. 
journals. Starting resistance, when started with the locomotive, 
was 29.25 lb per ton for the plain-bearing train and 5.5 lb per 
ton for the roller-bearing train. When started with a winch, the 
plain-bearing train registered 30 Ib per ton, and the roller-bear- 
ing train 3.75 lb per ton. At 10 mph the plain-bearing train re- 
quired 6.25 lb per ton, and the roller-bearing train 4.10 Ib per ton. 
The values increased with the speed and at 40 mph showed 10.25 
Ib per ton for the plain-bearing train and 7.3 lb per ton for the 
roller-bearing train. 

It has been found that the grade of lubricant has considerable 
effect on the amount of power consumed internally by a roller 
bearing. The use of a heavy oil will greatly increase the ap- 
parent coefficient of friction. In reality, this increase has nothing 
to do with the bearing but is the added power required to over- 
come the drag of the heavy lubricant. 

Contrary to a plain bearing, a roller bearing does not support 
its load by means of an oil film. It is supported by contact of 
the rolling elements of the bearing. Therefore, roller bearings 
are much less susceptible to lubrication conditions than plain 
bearings. The only practical consideration necessary is that some 
lubricant be present on the operating surfaces to lubricate cage 
contacts and prevent rust. No so-called antifriction bearing is 
so completely free from friction. If it were, no lubrication would 
be necessary. Any oil that will properly lubricate a plain bearing 
will answer for a roller bearing. The so-called all-year car oils 
of the straight mineral variety are giving excellent service. 

One point not covered in the paper is the effect of lateral motion 
and thrust loads on the wear of plain journals. This is par- 


* ‘Mechanism of Lubrication,’ by R. E. Wilson and D. P. 
Barnett, Journal of the Society of Automotive Engineers, vol. 2, 1922, 
pp. 49-60. 

7 Railway Engineer, Hyatt Roller Bearing Company, Harrison, 
N. J. 


ticularly apparent in motor-driven axles, where fillet wear is 
responsible for a considerable percentage of condemned axles. 
it would appear to the writer that there is as much room for im- 
provement in the thrust-load capacity of the plain bearings as 
in the radial-load capacity. 

Also, the paper does not take into account the effect of a worn 
wedge. Fora 5'/, X 10-in. journal there might be an allowable 
flat spot up to 5'/; in. wide on the top of the wedge. This 
would allow greater loads at the ends of the bearing due to 
misalignment between axle and box. 

The writer agrees that proper sealing of the journal box against 
oil loss and against the entrance of foreign matter is of prime im- 
portance. Most plain-bearing boxes are deficient in this re- 
spect. Many of the early attempts at applying roller bearings 
also did not provide adequately for these contingencies. The 
result was not only excessive loss of oil, but an unsightly truck 
condition which invited the accumulation of road dirt and brake- 
shoe dust. Foreign matter entering the box contaminated the 
lubricant and promoted wear. Continuous research and develop- 
ment have overcome these difficulties, so that now roller-bearing 
journal boxes retain their lubricant over long periods and keep 
it in a clean and usable condition. Instances are on record of 
over 75,000 miles of high-speed operation without the addition of 
lubricant. Another case showed four months of main-line opera- 
tion between New York and Chicago without adding oil. There- 
fore, a monthly or bimonthly check of oil levels is practically the 
only running maintenance necessary for roller-bearing boxes. 
It will thus be realized that the cost for roller-bearing lubrication 
is a small fraction of that for plain bearings. All labor and 
material incident to the preparation and application of box 
packing is eliminated. Much less free oil is used. Thus the 
item of $15,000,000 per year mentioned by the author as the 
direct cost of plain-journal lubrication would be reduced to a 
relatively small figure. Indirect costs would also be reduced 
greatly through the practical elimination of hot boxes and running 
repairs. 


W. C. Sanpers* anp O. L. Maac.* The writers believe the 
author has well expressed the object of railroad friction-bearing 
lubrication in the opening paragraphs of his paper. However, 
the writers are of the opinion that not only improvement in 
lubrication but also improvement in the journal bearing itself 
has the same object, namely to insure “continuity and dependa- 
bility of operation of the various units of railroad rolling stock, 
and reduce friction and consequent wear resulting from opera- 
tion.” 

Antifriction bearings have hardly been given due consideration 
in this paper. Their use has been steadily increasing during re- 
cent years and service records show many antifriction bearings 
with records of more than 1,000,000 miles in passenger-car service 
as opposed to the 30,000 miles ordinarily admitted for friction 
bearings. Even when friction bearings last the 80,000 miles 
indicated by the author’s minimum figure of 0.99 bearing per 
10,000 car miles, the comparison still is striking. 

Furthermore, the writers cannot agree with the thought ex- 
pressed by the author in the following paragraph in the paper: 
“Tt may be assumed that the present journal bearing and its 
related parts must have given a great measure of satisfaction in 
the past because it has remained practically unchanged in the 
face of advances in mechanical development in the last 20 years.” 
The author would have been safe in saying 40 years. 

The author cites the automotive industry in connection with 


8 General Manager, Railroad Division, Timken Roller Bearing 
Company, Canton, Ohio. 

® Lubrication Engineer, Timken Roller Bearing Company, 
Canton, Ohio. 
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bearing developments and practice, and in that we concur. 
It is generally conceded that without the antifriction bearing 
the automotive industry could not have survived, much less have 
attained to present sensational development. 

Lubrication costs, as a premium willingly paid on insurance 
against breakdowns in service, presents the subject in an interest- 
ing and favorable fashion, yet even premiums take a toll from 
railroad revenues and must be given due consideration. Con- 
sequently any development which tends to reduce operating and 
maintenance costs merits attention. 

In the paper it is stated that on one particular railroad from 
20 to 40 per cent (2400 to 4800 pairs of wheels) of the total 
friction-bearing wheel assemblies removed in running repairs 
per year were removed from service because of cut journals. A 
device which permits trouble in this quantity should not be con- 
sidered satisfactory. In addition, the frequent inspection required 
to keep the friction bearing in serviceable condition is undesirable. 

Hot boxes should be considered expensive luxuries, even 
though a railroad bearing must go into immediate full service 
without any run in. With tapered roller bearings, a complete 
unit accurately assembled and running in an oil bath is available, 
thus eliminating the factor of hot boxes from further consideration. 
Even with the new type of bearing described by the author, 
the problem remains of fitting the bearings to used journals of dif- 
ferent diameters and surfaces and of depending upon waste and 
oil for lubrication. 

When it is necessary to remove wheels for worn-out tread or 
tread defects, the roller-bearing journal box is removed as a 
unit at the same time and with the same operation used in 
removing the wheels. The journal box is also reapplied as a 
unit when new wheels are applied to the axle. 

Of equal interest is the record on oil consumption. Where 
plain bearings consume from 1.54 to 3.35 gal of oil per 10,000 
passenger-car miles, roller bearings use only 0.25 gal, or 90 per 
cent less. This saving is supplemented by the complete elimina- 
‘tion of waste. Further, those two savings in material costs are 


augmented by reduced labor charges, for monthly or in some cases 
90-day inspections of oil levels in roller-bearing journal boxes 
are ample as compared with divisional inspections where plain 
bearings are used. Comparisons could likewise be made in the 
case of locomotive axle bearings, where roller bearings are steadily 
increasing in favor both on passenger and freight equipment. 
A total of 67 per cent of all steam and electric locomotives built 
in 1934 were completely equipped with roller bearings on all axles. 
This development was disregarded in the paper under discussion. 
In the case of the new streamlined high-speed trains no adequate 
comparison between friction and antifriction bearings is possible, 
for practically all the new high-speed trains are mounted on anti- 
friction bearings. 

The curve presented in Fig. 25 of the paper invites comment. 
Under laboratory conditions with pressure oil lubrication produc- 
ing an unfailing oil film, it is possible to show much lower fric- 
tional resistance in plain bearings, within certain speed limits, 
than could possibly be secured in actual railroad service. In this 
connection attention is called to Figs. 2, 3, and 4 of this discussion 
which show the results of comparative tests between A.A.R. fric- 
tion journal bearings and Timken railroad journal bearings which 
were made in the testing laboratory of the Timken Roller Bear- 
ing Company. The main difference between these Timken tests 
and the tests conducted by the author is that while the author 
based his tests on ideal conditions which could not be duplicated 
in actual service, such as the use of refrigeration to keep the 
bearing cool, the Timken tests were made under conditions that 
simulated as nearly as possible the conditions actually en- 
countered in railroad operation. The friction bearings and the 
tapered roller bearings used in this test were 6 X 11 in. axle size. 
The loads were 4 tons per journal, representing an empty car; 
8 tons per journal, representing a partially loaded car; and 12 
tons per journal, representing a fully loaded car. The writers 
believe that the Timken tests were much fairer to both types of 
bearings, and that the results would undoubtedly be much closer 
to the results of actual operating conditions. Inasmuch as rail- 
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road bearings must be used under railroad conditions, it is ob- 
vious that laboratory tests such as those conducted by the 
author cannot be taken too seriously. 

While on the subject of laboratory tests, it is interesting to 
note that the axle used in connection with the author’s plain- 
bearing tests was supported on roller bearings. Thus it is some- 
what difficult to realize which type of bearing was actually being 
tested—the plain bearit.z mounted on the end of the axle, or 
the roller bearing supporting the axle. 

The only final test is that of service. Such tests were made 
by the Timken Roller Bearing Company on a 100-car train and 
were reported in detail by T. V. Buckwalter.!° For convenience, 
certain of the data as presented by Buckwalter’® are summarized 
as follows: 

A 100-car train was tested in service for a total of 3,000,000 


Hitt wer 


Fic. 5 Tests in SUMMER OF 1930 on LoapED Cars 
(Timken cars run-in 500 miles.) 
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Fic. 6 Tests In WINTER OF 1931 ON LOADED Cars 
(Timken cars run-in 6890 miles.) 


car miles, and complete trains or single cars have been tested 
under the following conditions in comparison with plain-bearing 
cars of identical capacity. These tests comprise running re- 
sistance tests of loaded and empty cars, under both summer and 
winter conditions. The tests were made starting cold and after 
obtaining equilibrium temperature. There were starting tests 
for complete trains, starting tests for single cars, acceleration 
tests for complete trains, and tonnage-rating tests for complete 
trains. 

The data, as regards running tests and starting tests of single 
cars in addition to the accumulated service of the 100 cars over 
a period of three years, permit drawing of reasonable deductions 
as to the value of roller-bearing equipment in railroad service. 

The breakaway resistance of the roller-bearing cars, as 
developed in 115 tests, was slightly in excess of the low-speed 
rolling resistance, as compared with the breakaway resistance of 


10 ‘‘Roller-Bearing Service in Locomotive, Passenger, and Freight 
Equipment,” by T. V. Buckwalter, Trans A.S.M.E., vol. 56, 1934, 
paper RR-56-1, p. 23. 


the plain-bearing cars, which is ten or more times the lowest 
rolling resistance. This characteristic should be reflected in 
reduction of wear and tear in couplers, draft gear, and car bodies, 
and in reducing the strain on locomotives in starting. 

The running resistance tests indicate a reduction in rolling 
resistance of the roller-bearing throughout the entire speed range. 
The reduction is considerable in starting cold trains, amounting 
to approximately 40 per cent. A reduction of 16 to 28 per cent, 
varying with weather conditions, is indicated after ten miles of 
operation as shown in Figs. 5 and 6 of this discussion. 

The reduction of the equilibrium point, attained after approxi- 
mately 20 miles of running where the temperature of the plain 
bearing ceases to rise, averages 11 per cent. Reduction in rolling 
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friction with loaded cars under summer and winter conditions, 
at starting, after running 3 miles, 10 miles, and 20 miles, is like- 
wise demonstrated. The four points in Figs. 5 and 6 of this dis- 
cussion are a general average of 170 running tests and 115 start- 
ing tests. The shape of the curve between the points, particularly 
between 0 and 3 miles operation, is conjectural. Normal re- 
sistance as affected by load and temperature conditions, which 
control the shape of the curve between the 0- and 3-mile points, 
is probably attained in the first few hundred feet of operation. 
The winter tests are more nearly representative of the comparison 
in rolling friction of the plain and roller bearings, as these tests 
were made with plain-bearing cars well run-in after several years 
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of service, and with roller-bearing cars after one year of service, 
averaging 6800 miles. 

The comparative frictional resistance of loaded cars under 
winter conditions, after running 3 to 10 miles, is indicated in Fig. 
7 of this discussion. 

The equilibrium test on a loaded car is the best indication 
available of the comparative rolling resistance of cars with the two 
types of bearings. A general reduction of the roller bearing, rang- 
ing from 18 per cent at 10 mph to 9 per cent at 45 mph, is indi- 
cated in Fig. 8 of this discussion. This is a considerable saving 
in fuel and other operating costs. 

On starting tests with a stretched train, 65 roller-bearing or 37 
friction-bearing cars developed the full locomotive capacity. 

Increased speed of transportation results from the use of roller 
bearings. Speed limitation, imposed by friction bearings, is 
eliminated. It was found in the tests referred to by the writers 
that 50 mph was the maximum permitted speed of the loaded 
70-ton equipment as used in the running tests. The roller-bear- 
ing cars were operated at the top speed of the freight engine, 
namely 65 mph, without appreciable heat rise, but the friction- 
bearing cars developed hot boxes with such frequency at speeds 
of 50 mph as to cause abandonment of the test program with 
friction bearings at the higher speeds. Higher speeds than 50 
mph are used on friction bearings in passenger service, and in 
special freight service, but only with reduced axle loads. 

The writers have witnessed starting tests between roller-bearing 
and friction-bearing freight cars where it took only one eighth 
as much power to start the roller bearing cars as it did to move 
the friction-bearing cars. A saving of 88 per cent in starting effort 
is worth careful consideration by any operating man. More 
spectacular, though hardly representing operating practice, was 
the fact that three men could pull the Timken locomotive from a 
dead stop and keep it rolling. That locomotive, which has Tim- 
ken bearings on all axles of both the engine and tender, weighed 
355 tons. Yet it is hardly possible to get enough men around the 
engine and tender of a friction-bearing locomotive to even start it. 

The company with which the writers are associated is now en- 
gaged in carrying out a comprehensive program of research and 
tests covering bearings and axles used under locomotives and 
rolling stock. The results of this work will be available shortly. 


H. W. RusseE.u.!! Simulated service tests on bearings are 
in many important ways more valuable than actual service tests. 
In actual service only meager data can be secured. Not only is 
the excellence of the performance imperfectly determinable but 
also the operating conditions are seldom adequately known. Of 
course, actual service tests must eventually be made, but a proper 
simulated service test in the laboratory can give in a short time 
information which in general could only be secured from service 
tests of a large number of bearings over a long time. 

The laboratory tests must simulate actual service in all im- 
portant features. The author has been able to do this to a great 
degree. However, at least one factor which may be of importance 
is not allowed for. Dynamic or shock loads are not introduced. 
It is known that repeated shock is an important factor contribut- 
ing to the failure of railroad equipment, and some effects on 
bearings may be expected. Momentary breakdown of the film 
of lubricant may occur from time to time, causing a greater rate 
of wear in service than the laboratory tests under the same aver- 
age load indicate. 

The low elastic modulus and the great plasticity of the thick 
lining of bearing metal and of the bronze backing will aid in 
minimizing high local stresses. This plasticity is not altogether 
desirable, for under shock loads plastic flow may occur to an 
undesirable extent. This and the fatigue associated with vary- 


1! Battelle Memorial Institute, Columbus, Ohio. 


417 


ing loads may lead to a type of failure which the author’s equip- 
ment does not produce. 

Generation of heat must depend upon the average load and be 
only slightly affected by occasional shock loads. Hence, bearing 
failures resulting from overheating should be correctly simulated 
by the author’s equipment. Overheating is recognized as a 
serious matter in all bearings. Adequate lubrication, such as the 
author’s special bearing apparently provides, can prevent over- 
heating by keeping the coefficient of friction low. It is doubtful 
whether sufficient heat can be carried away by the relatively 
small flow of oil to lower the bearing temperature to an important 
extent. Conduction of the heat through the axle and through 
the bearing must be much more important. The relatively poor 
contact between the brass and the wedge and between the wedge 
and the box in standard construction restricts this heat flow to 
what seams to be an unnecessary degree. Some simple change in 
construction could provide a better path for heat flow and thus 
lead to lower bearing temperatures. 


L. RicHarpson.!? When comparing laboratory tests with 
service tests the writer is of the opinion that unless the road test 
checks the laboratory test, the latter is without real value. A 
number of the author’s bearings have been subjected to road 
tests on the Boston and Maine Railroad with very satisfactory 
results. A dynamometer drawbar-horsepower test between 
Boston, Mass., and Portsmouth, Me., showed an actual saving 
of 7.6 percent. Inasmuch as drawbar horsepower covers rolling, 
wind, and journal friction, the latter being the only variable in the 
test, this is a close check on the author’s results. 

A temperature test between Boston and Troy showed 100 F 
for the standard bearing and 79 F for the circulating bearing. 
The air temperature was 44 F on the second test and 45 F on the 
first. The temperature-rise ratio is a direct measure of economy. 

The service test developed, for the circulating bearing, a life 
twice that of the standard bearing. Lower running temperatures 
and longer life serve to reduce the number of hot boxes and in- 
crease the reliability of service. 

A better average quality of oil is indispensable in maintaining 
good service records. All oils are bought and reclaimed to exact- 
ing standards. The benefit was shown in a recent check which 
showed that home cars lubricated at home gave twice the mileage 
per hot box as did foreign cars on the Boston and Maine Railroad. 


H. W. Faus.'* On the basis of the evidence so far available, 
there are one or two of the conclusions either stated or implied 
by the author to which the writer cannot subscribe. However, 
for the most part the facts are so plain that there is little room for 
differences of opinion. 

The writer fully agrees with the author that present A.A.R. 
specifications for reclaimed journal-box packing and reclaimed oil 
are inadequate. It is known from actual experience that it is 
possible and practicable to take the general run of packing of all 


TABLE 2 SPECIFICATION _— FOR JOURNAL-BOX 
PACKING 


Material Avg product, Individual samples 
max per cent max per cent 


kinds from freight cars today and produce a renovated product 
that meets the specification requirements shown in Table 2. 
With respect to renovated oil, A.S.T.M. precipitation number 


12 Mechanical Assistant to Vice-President, Boston and Maine 
Railway Company, Boston, Mass. 
13 Engineer of Tests, New York Central system, New York, N. Y. 


> 


SS 


418 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


should never exceed 0.10 for any individual sample and the aver- 
age should not exceed 0.03. Under present A.A.R. specifications 
a precipitation number as high as 0.50 is acceptable. 

The author shows the necessity of having an effective dust- 
guard seal to exclude dirt and water from the journal box, but 
he omits mention of the equally great importance of providing 
tight-fitting journal-box lids. He will agree that it will do little 
good to seal the back of the box unless equally effective protection 
is given to the front of the box. Lids which afford this protection 
are now available commercially. 


Mayo D. Hersey.'* The improved performance due to ac- 
curate broaching and more reliable dust guards is in full accord 
both with theoretical expectations and the best industrial prac- 
tice. It is of special interest that the present test machine 
measures the friction torque on the journal itself, after proper 
correction has been made for the friction of the supporting bear- 
ings. Many previous machines unfortunately had been so de- 
signed as to give the friction on the bearing only. 

A number of questions may be asked regarding the typical 
test results presented in Fig. 25 of the paper: (1) What was the 
clearance or difference in radii in the case of bearing No. 18; 
or the limit of uncertainty, if no clearance was intended? (2) 
What were the temperatures and probable viscosities at the 
various speeds? (3) What viscosities would give the minimum 
friction for the roller bearing and the plain bearing respectively? 
(4) Can the friction of the plain bearing be any further reduced 
by some method of profuse lubrication in place of the usual waste 
packing? (5) To what extent might the reduced friction of the 
new bearing be accounted for purely by the reduction of bearing 
area? (6) Has any comparison been made between the friction 
observed, and the amount that might be anticipated from other 
experiments on partial journal bearings? References to the 
literature may be found in the writer’s “Notes on the History 
of Lubrication.” (7) Has any comparison been made between 
the actual friction observed and the corresponding hydrodynamic 
calculations, as given, for example, by H. A. S. Howarth?! 


AUTHOR’s CLOSURE 


In the discussions and data submitted by Messrs. Brittain, and 
Sanders and Maag, which are devoted specifically to the discus- 
sion of the author’s Fig. 25, comparative rolling friction of modi- 
fied A.A.R. bearing No. 18 vs. roller bearing, the following points 
are quite evident. 

1 The comparative statements in these discussions have 
been made more in the interests of commercial expedience than 
analysis of pure fact. 

2 The solid type of A.A.R. bearings, the frictional resistances 
and operating characteristics of which are compared with the 
roller bearing, are bearings having none of the inherent charac- 
teristics represented in bearing No. 18, the basis of the author’s 
comparison, because the characteristics of bearing No. 18 are 
related to workmanship and design. 

3 The frictional resistances and other operating data sub- 
mitted for the standard A.A.R. bearing, while varying under wide 
limits and, therefore, questionable as to their being representa- 
tive, emphasizes the incentive for the development and improve- 
ments incorporated in bearing No. 18. 

4 For the purpose of further amplifying Fig. 25 of the paper, 


14 Division of Engineering, Brown University, Providence, R. I. 
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18 “Notes on the History of Lubrication,’’ by M. D. Hersey, 
Journal of the American Society of Naval Engineers, vol. 45, 1933, 
pp. 411-429, and vol. 46, 1934, pp. 369-385. 

16 “The Loading and Friction of Thrust and Journal Bearings With 
Perfect Lubrication,” by H. A. 8. Howarth, Trans. A.S.M.E., vol. 57, 
1935, paper MSP-57-2, pp. 169-187. 


comparing certain statements made in these discussions and to 
answer certain questions raised by Dr. Hersey, Fig. 9 of this dis- 
cussion is submitted by the author to show the relation between 
speed, bearing temperatures, and viscosity of lubricant, as existed 
in the tests from which the data for Fig. 25 were obtained. 

Dr. Hersey proposes seven very timely questions, the answers 
to which in all cases can not be made as complete at this time as 
these questions deserve. 
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Answer to question 1: Bearing No. 18 was broached !/3. in. over 
the journal diameter on the radius. This is standard A.A.R. 
practice. 

Answer to question 2: Fig. 9 of this discussion is submitted to 
answer this question completely. 

Answer to question 3: Investigation of this characteristic of 
lubricating oils, viscosity as an index of friction, in railroad car- 
journal service, has not been concluded. However, such work 
as has been done indicates that viscosity is not the sole controlling 
factor. The operating characteristics of lubricants in this 
respect may not be a parallel condition in roller bearings. 

Answer to question 4: Since oil-saturated waste in proper 
condition supplies a surplus of oil to bearings such as No. 18, the 
benefits to be derived from more profuse supply of lubricant are 
questionable from the standpoint of reduced friction. 

Answer to question 5: As compared to a full-crown or arc 
bearing, there is an increment of improvement due to the reduced 
area of bearing No. 18, as reflected by reduced friction. 

Answer to question 6: Full exploration of the field in this 
direction has not been made. 

Answer to question 7: No effort has yet been made to reconcile 
any of the data obtained in the specific work reviewed in the 
paper with any theoretical calculations, as it has been felt that all 
of the variables and their influence upon the operation of the 
journal as a whole should first be determined as representing 
strictly operating results before comparison with theoretical 
analysis. 


Long-Time Creep Tests of 18 Cr 8 Ni 
Steel and 0.35 Per Cent Carbon Steel’ 


Rocer Srvart Brown.? Engineers interested in the design 
of structures which are subjected to high temperatures have been 
looking forward to this report in order to learn whether or not 
1000-hr creep tests may be used safely as an indication of the 
long-time stress-carrying ability of metals at high temperature. 


1 Published as paper BP-58-3, by H. C. Cross and F. B. Dahle, 
in the February, 1936, issue of the A.S.M.E. Transactions. 

2 Vice-President, Calorizing Company, New York, N. Y. Mem. 
A.S.M.E. 


4 
| 


The paper is a valuable contribution in this field 
although, as the authors state, it is too early to 
draw conclusions. 

However, the conclusions which the authors 
draw from their data show rather poor correla- 
tion with data from 500-hr creep tests. If, how- 
ever, a different basis for such a comparison is 
taken, such as one used for several years by the 
writer, a very fair correlation will be found. 
The writer has for several years assisted in the 
design of high-temperature structures using both 
pearlitic steels and cast austenitic chrome-nickel 
alloys. The practical results from this work by 
the writer seem to confirm the guiding principles 
listed at the end of this paragraph. The writer 
finds nothing but confirmation of these princi- 
ples in the work so far reported. 

1 Neglect initial creep, when initial creep is 
defined as total creep in 1000 hr less 1000 times 
the hourly rate at 1000 hr. 

2 Apply straight-ratio creep versus time 
only to creeps under 0.05 per cent per 1000 hr. 

3 Limit total creep to 3 per cent for pearlitic 
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TABLE 1 


COMPARISON OF INDICATED CREEP AT END OF 
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10,000 HR, AND 


CREEP AT END OF 10,000 HR COMPUTED FROM THE CREEP RATE PER 1,000 HR 
18 Cr 8 Ni Steel 


Comparison of 0.35 C 


1200 —~steel at 850 Fb— 
Specimen no..... B38-2 B12-1 B12-4 10-A4 25-B5 
Load, Ib per sq in. 8345 8345 8345 8000 7500 
Total creep at the end of 1000 hr, 
).51 0.36 0.54 0.280 0.24 
Rate of deformation, per cent ~ 
1000 hr at end of 1000 hr. —0.16 0.18 —0.23 0.150 0.12 
Total initial creep, per cent..... 0.35 0.18 0.31 0.130 0.12 
Total at end of test, per cent... . 1.40 1.45 0.685 0.50 
Deduction of initial creep. 1.22 1.14 0.555 0.38 
Length of test, hr....... 7000 5000 5000 4000 
Difference between 10,000 hr and 
length of test, hr.. 3000 5000 5000 6000 
Rate of deformation at end of 
test, per cent per hr...... .00021 0.000255 0.00009 0.000075 
Estimated creep between end of 
test and end of 10,000 hr, per 
0.63 1.27 0.450 0.45 
Total creep per 10,000, indicated, 
Total creep per 10,000 hr com- 
uted from rate at end of 1000 
1.60 2.33 2.898 1.208 0.873 
Ratio of indicated creep per 
10,000 hr to creep per 10,000 
hr from 1000-hr rate......... re 03 1.004 0.669 0.691 
Ratio creep rates at end 1000 hr. . 1.00 1.125 1.435 1.25 1.00 
Stress ratio at 4.9 power® of the 
stress for same creep rate. . 1.00 1.025 1.076 
Stress variation for the sien 
creep, per cent. 0 2.5 7.6 


Eliminating specimen ‘B38-2 as 
defective, percentage variation 
in stress for same creep rate is 


steels and to a total of 0.5 per cent for chrome- 
nickel steels total during the life of the metal. 

4 All samples should have the same micro- 
structure. 

5 Be wary of creep tests at temperatures where a slow struc- 
tural change may be taking place but is not yet completed. 

6 Use some factor of safety to cover possible local defects. 

With regard to initial creep, the writer has always observed it 
to be nonuniform. 

With regard to the second and third items, the writer’s partly 
confirmed hypothesis is that there is a total amount of creep 
available in the material and that after a total of from 0.50 
per cent to 3 per cent, the third stage of creep starts or unexpected 
fractures result. There was some indication of this in a previous 
progress report. 

It has been the writer’s observation that all chrome-nickel 
alloys do not come to a steady rate of creep at the end of 500 hr. 
Therefore, the rate at the end of 1000 hr should be used. 

Table 1 of this discussion shows the close correspondence be- 
tween (1) the total per cent creep per 10,000 hr from the tests 
reported in the paper extrapolated for the balance or 10,000 hr 
and (2) the total per cent creep per 10,000 hr as computed from 
the creep rate at the end of 1000 hr. 

In giving the rates of creep under the same load of 8345 Ib 
listed in Table 1 of the paper it should not be overlooked that a 
very slight variation in the stress of two samples will produce a 
given rate of creep which will be raised to a high power when 
comparing the relative creeps at the same load. 

Fig. 32 of the report® published in 1934 gives a curve of the 
secondary creep-stress ratio for 18 Cr 8 Ni steel from which the 
writer finds at 1200 F that the creep varies approximately as the 
4.9 power of the stress. 

This exponential power was used in the comparison of 18 Cr 
8 Ni steel in Table 1 of the discussion in order to calculate the 
variation of creep stress represented by the various samples, the 
creep rate of which varied as much as determined in Table 1 of 
the paper. It will be noted that even between specimens 
B38-2 and B12-4 subjected to the same load a variation of 7.6 
per cent in the stress would cause the variation in creep rate at 


5 “High-Temperature Tensile, Creep and Fatigue of Cast and 
Wrought High- and Low-Carbon 18 Cr 8 Ni Steel From Split Heats,” 
pA: C. Cross, Trans. A.S.M.E., vol. 56, 1934, paper RP-56-6, pp. 

~553. 


ms Selec ted values in this comparison taken from Table 1 of the paper. 

+ Selected values in this comparison taken from Table 2 of the paper. 

¢ This exponential power to be used with a temperature of 1200 F, that i is, in the comparison 
of 18 Cr 8 Ni steel. 


the end of 1000 hr. This variation of 7.6 per cent in the creep 
stress for approximately the same creep is not out of proportion 
to the variation in tensile strength (cold) between various samples 
of a given type of steel. 

Therefore, it seems that the creep rate at the end of 1000 hr 
does give a very close correspondence to the very long-time creep 
in both the 18 Cr 8 Ni steel and the 0.35 carbon steel as far as the 
tests have gone, under the limitations of principles 1 to 5 pre- 
viously listed by the writer. The writer is aware that with con- 
tinued time the actual creep will exceed the estimated creep be- 
cause the samples already have exceeded 1 per cent total creep. 
It should be borne in mind that these tests are run at higher 
stresses than would be used commercially. 


AvutTHoRs’ CLOSURE 
The discussion by Mr. Brown is very interesting in that it shows 
the relation between the actual test data and computations by a 
method that has been successfully used in commercial design. 
To make the discussion more complete, since two of the tests 
have now progressed beyond 10,000 hr and the other two are at 


TABLE 2 CREEP-TEST DATA FOR 18 Cr 8 Ni STEEL (K19) 


AND 0.35 C STEEL (K20) 


18 Cr 8 Ni 0.35 C 
B12-1% B12-4¢ 10-A46 =. 25-B56 
Load, lb per sqin........... 8345 8345 8000 7500 
Duration of test, hr.......... 10000 10000 9600 9600 
Total deformation at end of 

10,000 hr, per cent......... 2.11 2.898 1.208¢ 0.873¢ 


* Creep-test data for specimens B12-1 and B12-4 at a end of 7000 hr 
and 5000 hr, respectively, are given in Table 1 of the pa 

b Creep-test ata for specimens 10-A4 and 25-B5 on the end of 5000 hr 
and 4000 hr, respectively, are given in Table 2 of the paper.! 

¢ Estimated from 9600 hr. 


about 9500 hr, data are supplied for the actual deformations 
noted at 10,000 hr or estimated to result at 10,000 hr. These 
data are given in Table 2 of this discussion. In this table the 
specimens are numbered as in Tables 1 and 2 of the paper. 
Specimens of 18 Cr 8 Ni steel were tested at 8345 lb and the 
test exceeded 10,000 hr when this closure was written. How- 


ever, the creep tests of the 0.35 per cent carbon steel had run 
only 9600 hr. 
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High-Temperature Properties of Cast 
and Wrought Carbon Steels From 
Large Valves for High-Tem- 
perature Service’ 


J. W. Bottron.?. Messrs. Cross and Dahle are to be congratu- 
lated for their clarification of the problems involved in the selec- 
tion of cast versus forged carbon steels for high-temperature 
service. Of the many opinions advanced on this question some 
are plainly influenced by commercial considerations, some are 
based on what may be termed academic considerations, some are 
frankly speculative, and a minority approach the problem from a 
practical engineering viewpoint. Cross and Dahle assert that 
“choice between them (cast versus forged steels) should be made 
on the basis of precise knowledge rather than vague generalities.” 
They point out the qualifications which White, Clark, and Wilson® 
found necessary even in comparison of wrought low-alloy steels in 
coarse and fine-grained condition, and give a clear-cut review of 
the pertinent literature. 

Cross and Dahle conclude “that no broad generalities can be 
made as to superiority for service at elevated temperatures for 
either forged or cast carbon steels in the form of valve bodies or 
tees.’”’ Let us examine this statement further. 

Such structures function in part as pressure containing vessels. 
In the case of valve bodies, the facility with which the internal 
mechanism, such as seat rings, the disk, and the stem, can be 
incorporated to best advantage also is a vital factor in the usa- 
bility of the structure. Actual carefree service life more often 
depends on the functioning of the internal mechanism than on 
the life of the external casing, including the body. In this 
respect, the greater flexibility in design, usually permissible in case 
of cast structures, is a decided advantage. 

This ability to place metal where needed, the ability to main- 
tain more uniform shell thicknesses in castings, and the practical 
commercial limitations relative to the size of forgings are among a 
number of factors which are aside from metallurgical considera- 
tions, but are highly pertinent in materials selection. 

Much has been made of the relative degrees of soundness of 
castings versus forgings. The working which is implied in the 
forging operation appeals to the mechanically minded. With 
the great advances made in casting technique during the past ten 
years, the possibility of the presence of defective areas which im- 
pair the service life or safety of steel castings is a negligible factor. 
A majority of the most severe temperature and pressure applica- 
tions continue to be served well by carbon and low-alloy steel 
castings. Some consumers and producers have probed castings 
throughout, not only for defects visible through X-ray or gamma- 
ray inspection, but also by the more thorough, although destruc- 
tive, methods of sectioning and deep etching. The results are 
most reassuring. It is certain that sound castings and good 
forgings are not manufactured by the slip-shod “rule-of-thumb” 
producer. 

It is especially impressive that Cross and Dahle obtained cast- 
ings and forgings of representative shapes as made in regular 
commercial practice. 

Among the factors involved in selection of the respective ma- 
terials for valve structures are (a) rigidity, (b) resistance to con- 
tinued load, (c) ability to distribute load, and (d) resistance to 
rapidly applied load or shock. 


1 Published as paper RP-58-5, by H. C. Cross and F. B. Dahle, in 
the February, 1936, issue of the A.S.M.E. Transactions. 

2 The Lunkenheimer Co., Cincinnati, Ohio. 

3 ‘‘Physical Properties of Steels at Elevated Temperatures,’ by 
A. E. White, C. L. Clark, and R. L. Wilson, Oil and Gas Journal, vol. 
33, no. 12, August 9, 1934, p. 16. 


Since a valve structure must maintain alignment of working 
parts, rigidity is of paramount importance, and actual permissible 
stresses must be limited by that factor rather than by bursting 
strength. Cross and Dahle give no data directly applicable to 
this point. Presumably the stress-strain relationships of the 
various materials (within the ranges of interest to the designer) 
are not appreciably different. 

The writer would criticize the loads selected by Cross and 
Dahle for their creep tests, particularly those selected for the 
study of valve products. In such products, maintenance of 
alignment is imperative, and aside from unavoidable initial ex- 
tension only a slight amount of creep can be tolerated. Stresses 
producing a secondary rate of 0.1 per cent creep per 10,000 hr for 
any of the metals indicated in Table 3 of the paper will reach 
about 10,000 lb per sq in. but rarely will appreciably exceed 12,000 
Ib per sq in. ‘The laboratory of the writer’s firm recently ran 
creep tests on spheroidized cast carbon steel, similar in structure 
and composition to that designated by Cross and Dahle as SC. 
It was found that at a load of 12,000 lb per sq in. the creep rate 
for the last 2000 hr of a 2500-hr test is below a 0.1 per cent rate 
per 10,000 hr. These tests were conducted in accordance with 
requirements of Specification E 22-35 T of the A.S.T.M. The 
informed designer is aware of the properties of the metal 
with which he is concerned and selects his permissible stresses 
accordingly, the margin of safety in this respect being from 50 per 
cent to over 100 per cent. 

As one goes above stresses required to produce a creep rate of 
0.1 per cent per 10,000 hours, as in Fig. 12 of the paper, consider- 
able differences in the behavior of the materials may be evident, 
and one might conclude erroneously that such differences are 
significant and are to be considered seriously in the selection and 
treatment of the materials for valve structure. 

However, the authors’ creep tests are of decided interest in the 
evaluation of the effect of grain size. The results, including the 
apparent anomalies shown in the results charted in Figs. 12 and 
14 of the paper, suggest that further valuable and significant 
information would result if further tests at lower loads were 
undertaken. 

The ability of a material to distribute load without failure or 
cracking due to local overload is a factor which is often ignored. 
Perhaps the best measure of this is the ductility, although the 
amount or degree of ductility necessary to accomplish this cannot 
be stated with any certainty. It would appear that a spheroidiz- 
ing draw (given by some manufacturers to steel castings 0.30 
carbon or over) is definitely advantageous. With reference to 
the materials listed in Tables 3, 4, and 5 of the paper, a loss of 
ductility appears with elevated temperature in case of the casting 
with normal pearlite C, whereas in the other cast steel SC and in 
the forgings F and LF the ductilities are higher at the elevated 


TABLE 1 DUCTILITY AND CHARPY IMPACT RESISTANCES OF 
VALVE MATERIALS 


Charpy impact resistance 
Ma- Ductility, per cent elongation in 2in. at at the flange for various 
terial various temperatures temperatures, ft-lb 
70F* 750 F6 850 Fo 950 Fb 70 F¢ 750 F4 850 Fd 950 F4 
C 25.5 26.0-14.0 12.5-12.5 26.5-11.5 14.3 12.0 12.3 11.0 
SC 27.8 38.0-29.5 34.0-31.0 50.0-45.0 18.7 17.3 13.7 14.7 
F 28.2 39.5-30.5 48.0-39.0 50.0-42.0 21.0 19.3 20.3 15.0 
LF 32.0 39.5-37.0 38.0-31.0 45.5-35.5 28.3 21.3 18.0 16.3 


@ Values in this column taken from Table 3 of the paper. 

6 Values in these columns taken from Table 4 of the paper. 7 

¢ Values in this column are the averages of the Charpy impact resistances 
of flange material as given in Table 3 of the pager, } . 

@ Values in these columns are the averages of the Charpy impact resistances 
at 750, 850, and 950 F as given in Table 5 of the paper. 


temperatures. The writer has taken these ductility results and 
the results of the Charpy tests from Tables 3, 4, and 5 of the 
paper and has assembled them in Table 1 of this discussion. 
It will be noted that both the maxima and minima elongation 
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values from Table 3 of the paper are included in Table 1 of this 
discussion. 

In case of the castings and of the higher-carbon forging F, the 
average Charpy values at elevated temperatures are not radically 
lower than the respective values at room temperature although 
they are much lower in the forging LF. The writer questions 
whether the loss in Charpy value between test coupon and casting 
may not be considerably less than that between a small simple 
forging and a heavier one. For example, a material such as the 
casting SC usually runs around 24 ft-lb on a sample from a test 
coupon, which is approximately 50 per cent higher than the value 
found on the flange. Would not a small forging coupon of type- 
F run over 30 ft-lb? 

It will be noted from Table 1 of this discussion that at the 
maximum temperature of 950 F the actual magnitude of differ- 
ences for all samples is not great. 

The writer’s reaction is that in factors (c) and (d) previously 
given in this discussion, there is nothing to worry the steel 
founder. Without a doubt material like cast steel C has been 
used successfully and safely. Material like cast steel SC is being 
furnished readily and this material is but slightly under forged 
steel F in either ductility or impact resistance. 

It is interesting to note that no appreciable changes in structure 
or impact values resulted from exposure of either cast or forged 
steels in the creep tests. This confirms what is well known in 
practice, i.e., that structurally carbon steel is rather stable 
material. 

The application of the McQuaid-Ehn carburizing test is most 
interesting and should lead to further developments. One cannot 
help wondering why the authors so carefully refrained from com- 
mitment in the matter of relationship of grain size to creep prop- 
erties there revealed. If there were reasons aside from insuffi- 
cient data, their disclosure would be of interest. 

A qualitative table, such as Table 6 of the paper or some of the 
qualitative comparisons in the summary of the paper, are open to 
the objection that the degrees of difference are not defined ade- 
quately. Actual study of the test results shows that many of the 
results are very close indeed, and that some are well within 
ranges found on check tests on like materials. Unfortunately, 
such easy-to-use comparisons are frequently used or quoted 
without further definition. 


A. HurtGen.‘ The autbors’ review of the literature covering 
previous work presents a clear résumé of opinion rendered by 
scientific experts, based upon years of experience, pertaining to 
the subject of high-temperature properties of cast and forged 
materials. It is true that there is some conflict of opinion re- 
garding the merits of cast and forged materials but generally, 
however, there is an indication that the forged material is the 
better as has been stated and implied by many scientific experts 
as a result of experience and comparative tests. 

The writer’s remarks which follow concern the discussion by 
J. W. Bolton.? 

A valve undoubtedly functions as a pressure containing vessel 
and requires more or less care, depending upon the severity of the 
service to which it is subjected. Mr. Bolton’s statements regard- 
ing the flexibility of valve design invites a survey of the entire 
valve field to ascertain if there is a unified agreement among 
valve manufacturers and designers as to the exact shape and 
proper outline for every application. The writer is aware of the 
fact that there are many different opinions regarding the proper 
mechanical design of valves and that each design becomes largely 
a matter of each manufacturer’s opinion. Omitting reference to 
material specifications, flexibility of mechanical design, in the 


- ‘Chief Metallurgist, Henry Vogt Machine Company, Louisville, 
y. 


absence of a well-established proved design, can at best only 
indicate a “possibility” and should not be construed as an implied 
advantage for a cast valve without carefully checking the me- 
chanical design to ascertain if advantages have actually been 
incorporated as a result of such a possible flexibility. Actual 
service results offer specific information and are of more concern 
that “possibilities” due to such an item as flexibility. 

Mr. Bolton’s statement regarding the ability to place metal 
where needed also belongs to the classification of possibilities and 
does not insure that the metal will be placed where it will be the 
most effective. Those familiar with casting work will agree 
readily that the matter of placing metal where needed is a com- 
promise between where it is needed to facilitate foundry tech- 
nique, and where it is needed from the standpoint of actual engi- 
neering requirements of the part; at least, such is the case in 
many complicated shapes where casting difficulties are en- 
countered. If it were possible to place metal exactly where 
needed without any attendant evils, the casting would thus prove 
advantageous, but such is not the case. Ordinary casting diffi- 
culties dictate to a considerable extent the place where metal 
shall be placed in a casting. 

The writer believes that the data and observations presented 
in the paper under discussion were obtained through tests on ma- 
terial of recent manufacture and incorporate the advantages or 
disadvantages of modern casting technique. The absence of 
physically defective areas in castings of recent manufacture there- 
fore does not apply because the work of Messrs. Cross and Dahle 
applies to modern technique. The writer is quite certain that 
any one who has had the opportunity to X ray or gamma ray a 
large number of castings will support the statement that it is very 
unusual to find steel castings which approach the radiographic 
soundness of forgings. The writer’s experience with the X ray 
shows that the present technique of making steel castings leaves 
much to be desired from the standpoint of X-ray soundness. 
Mr. Bolton’s? comments as to the results of the X-ray examina- 
tion of castings being most reassuring as to physical soundness 
are certainly contradictory to the writer’s experience and infor- 
mation. 

There is some doubt regarding Mr. Bolton’s statement that, 
“A majority of the most severe temperature and pressure applica- 
tions continue to be served well by carbon and low-alloy steel 
castings.’”” Whether a majority of the most severe applications 
are served by castings or by forgings is not confirmed by statis- 
tical data. 

With reference to the four factors which Mr. Bolton lists as 
being involved in the selection of materials for valve structures he 
lists “rigidity” as the first. Consi:‘er this property of rigidity as 
applied to high-temperature operation by assuming a pipe line or 
lengthy structure in service exposed to conditions of pressure and 
temperature where creep is important, that is, where a gradual 
permanent dimensional change is constantly taking place. It 
appears that the yardstick for evaluating rigidity under these 
conditions would be graduated in terms of creep. The material 
having the best creep resistance under such conditions of loading 
would therefore be assumed to have the greatest rigidity. 

Consider now the desirability of shutting down this structure 
for cleaning or repair after permanent dimensional increases have 
taken place over a period of time, due to creep. The structure 
has become quite rigid because of the removal of temperature, 
and because of its anchorage it cannot adjust itself to this new 
condition. In this case, the question of rigidity becomes serious. 
If too rigid, failure of some part is inevitable and the property of 
toughness and ability to yield to the new conditions becomes 
most desirable. 

Therefore, where operating conditions exist in a structure in- 
volving creep at high-temperatures with removal from service 
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during cleaning or repair periods, the material having the best 
combination of creep resistance and toughness at ordinary 
temperatures is obviously the most desirable. 

Mr. Bolton? places the ability to distribute load as the third 
factor involved in the selection of respective materials for valve 
structure. The second factor, the resistance to continued load, 
is covered by creep. The ability to distribute load will be in- 
fluenced by design, that is, by the elimination of sharp corners 
and abrupt section changes together with the soundness and 
continuity of the material. Any discontinuity, internal or ex- 
ternal, including unsound portions, will enter into the ability of 
the material to distribute load, the more sound material being 
preferable. 

Mr. Bolton also mentions “resistance to rapidly applied load or 
shock”’ as the fourth factor involved in the selection of materials 
for valve structures. This property of a material probably is 
measured to best advantage in terms of notched-bar impact or 
tension impact, and again is related somewhat to toughness. 
Even though a material may have a high yield point, such proper- 
ties cannot be utilized in this consideration if it does not have the 
toughness to resist suddenly applied loads. 


AUTHORS’ CLOSURE 


The authors have no comment to make on the discussions by 
Mr. Boiton and Mr. Hurtgen as to what the designer and the 
user really need and want in the material from which valves are 
made. The aim in writing the paper was to determine what the 
properties actually were in valves represented by their makers as 
being made of commercial material. 

As to the stress-strain relationships mentioned by Mr. Bolton, 
attention is called to values for yield strengths given for the vari- 
ous materials in Table 4 and Fig. 11 of the paper. 

As shown by the data in the paper and in Mr. Bolton’s Table 1, 
both the low- and high-carbon forgings show a greater drop in im- 
pact resistance from room temperature to 950 F than do the cast 
materials but it should be remembered that the values for the 
forgings are still equal to or a little higher than for the cast mate- 
rials at that temperature. 

It would undoubtedly be interesting to carry the creep studies 
to lower loads, still utilizing material from actual valves. 

The creep figure cited by Mr. Bolton for spheroidized cast 
material at 750 F seems out of line with what would be expected 
from the authors’ tests, so we asked him for specimens from the 
same valve on which his tests were made, but were informed that 
his figure was from a coupon rather than an actual valve. How- 


ever, one would hardly expect this order of difference between a 
coupon and a casting, and it seems probable that considerable 
differences may exist in the creep properties of different heats 
whose compositions, mechanical properties at room temperature, 
and short-time high-temperature tensile properties are indis- 
tinguishable. 

Such a state of affairs for wrought carbon steel has been com- 
mented on by Clark’ and ascribed to melting practice. The real 
cause of the difference in behavior of the high- and low-carbon 
forgings may be in the melting practice. 

If such differences which can only be detected by creep tests 
actually exist between different lots of castings and of forgings, 
the problem of determining the range of difference and what can 
be done to enable the manufacturer to know when he is supplying 
material of good creep resistance, and when he is supplying ma- 
terial of poor creep resistance, is of far greater importance than 
the factor of grain size. 

Therefore, it must be remembered that the authors’ tests were 
upon individual valves selected at random and that the ability of 
the valves to represent their classes of materials rests solely upon 
the opinion of their makers that, to the best of their knowledge, 
the valves were representative of those they were supplying to 
the trade. Without extensive creep tests on many successive 
heats, no one can say how widely each class of material might 
vary from the creep properties found on the valves tested by the 
authors. 

However, if grain size alone is the chief variable, and one not 
overshadowed by other variables, samples of coarse-grained and 
fine-grained materials selected at random should have estab- 
lished it. It seems probable that makers of both types of mate- 
rials have the same problem, that of knowing what the variables 
in melting and deoxidation practice have to do with the creep prop- 
erties of carbon steels so that they may always produce steel of 
the best creep resistance. Whether it is cast in a mold or forged 
to shape is probably of secondary importance to this more funda- 
mental question. 

What the McQuaid-Ehn grain-size comparisons, or, more pre- 
cisely, the melting practice of which the McQuaid-Ehn grain-size 
is one manifestation, has to do with the creep properties, should, 
the authors believe furnish a worth-while problem in which the 
melting practice is deliberately varied, and the results checked on 
many rather than on single grab samples. 

5 Discussion on Cast Carbon and Low-Alloy Steels, by C. L. Clark, 


Symposium on Effect of Temperature on the Properties of Metals, 
A.S.M.E. and A.S.T.M., 1931, p. 432. 
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Reduction of Airplane Noise and Vibration 


By C. J. SPAIN,! D. P. LOYE,? ano E. W. TEMPLIN,? LOS ANGELES, CALIF. 


In keeping with the demands for comfort in airplane 
transportation, the authors point out that it is not only 
necessary to provide the passenger with a comfortable 
cushioned seat in an air-conditioned cabin, but that it is 
also necessary to reduce noise and vibration. The meth- 
ods of reducing noise and vibration as applied to airplane 
construction must of necessity differ from the methods 
used in automobiles and other ground installations where 
weight is not an important factor. The methods em- 
ployed, together with the measurements resorted to in 
determining the methods which shall be used in reducing 
the airplane noises and vibration, are discussed. 


little consideration. All efforts were concentrated on keeping 

the plane in the air. Plane designers and pilots were satisfied 
if they could accomplish this. At present, however, with the 
safety of the passenger reasonably well assured by better plane 
design, by the use of two-way and beacon radio, and by more ac- 
curate weather reports, attention is being focused upon increased 
speed and the provision of passenger comfort. 

It is not sufficient to provide a passenger with a comfortable 
cushioned seat in an air-conditioned cabin. Noise and vibration 
must be reduced in order to make travel by air at 200 mph as 
pleasant as by modern pullman car and automobile. Noise and 
vibration are inherently difficult to cope with due to the powerful 
engines required to meet the performance demanded of airplanes. 
Because of weight and space limitations, it is at present consid- 
ered impracticable to build the conventional double-walled en- 


[ THE early days of aviation, passenger comfort was given 
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closures which would be most effective in insulating the passen- 
gers’ and pilot’s compartments from noise. It is also obviously 
impracticable to apply the same methods of reducing noises at 
their sources which are applied where weight is not an important 
limitation. It is not feasible, for instance, to provide enclosures 
about the engine valves to reduce engine-clatter noise as is done in 
the case of automobile engines. Efficient engine mufflers which 
can readily be applied in automobiles would cause an excessive 
loss of power and pay load, according to present-day standards, if 
used in airplanes. Even though this were not true, mufflers are 
of little value in planes where the predominant source of noise is 
the propeller. 

It can, therefore, be seen that the methods of reducing noise and 
vibration as applied to airplane construction must of necessity 
differ from the methods used in automobiles and other ground in- 
stallations where weight is not an important factor. The meth- 
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ods employed, together with the measurements resorted to in de- 
termining the methods which shall be used in reducing airplane 
noise and vibration are discussed in this paper. 


LoupNEss AND Notse INTENSITY COMPARED 


It should be mentioned at the outset that although sound- 
measuring equipment is equalized to provide a sensitivity char- 
acteristic similar to that of the ear, measurements of intensity for 
complex sounds do not always agree with the loudness as inter- 
preted by the ear. The sound-level meter indicates intensities 
regardless of the quality of the sound being measured and also re- 
gardless of physiological effects which under some conditions af- 
fect the loudness. Two instances of such differences are described 
in the following paragraphs. 

Fig. 1 shows the equal-loudness contours over the range of 
pitch and volume audible to the ear. This chart was prepared by 
the Bell Telephone Laboratories on the basis of tests made with a 
large number of listeners. The bottom curve, called the thresh- 
old of hearing, indicates the intensity required for pure tones 
throughout the audible-frequency range to make them just au- 
dible to the average ear. The ear is most sensitive at frequencies 
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ranging from 3000 to 4000 cycles per sec. For a tone of 1000 
cycles per sec, the sound intensity necessary to make it just audi- 
ble is 10—1* watts per sq cm, which is the standard reference level 
adopted by the Acoustical Society of America. It will be seen 
that for a pure tone to be just audible, the required intensity 
would be 38 db greater at 100 cycles than at 1000 cycles and 8 
db greater at 10,000 cycles than at 1000 cycles. 

The top curve indicates the threshold of feeling, or the inten- 
sity at which pure tones become painful to the average ear be- 
cause of their high intensity. The intensity of a 1000-cycle tone 
at the threshold of feeling (120 db above the threshold of audi- 
bility) represents one trillion times as much sound energy as is re- 
quired to make the tone just audible. From this it can be seen 
that the ear is an instrument having a remarkably wide range of 
intensity sensitivity. 

The contour lines between the two limiting curves in Fig. 1 
represent lines of equal loudness for sounds consisting of pure or 
single-frequency tones. The loudness levels have arbitrarily been 
chosen numerically equal to the intensities, for a pure tone of 
1000 cycles per sec. Each loudness contour then indicates the 
intensities of pure tones throughout the audible range which have 
a loudness equivalent to the 1000-cycle intensity value. It will be 
noted that the shape of the loudness contours becomes flatter as 
the sound intensity is increased. At tones having frequencies 
above 1000 cycles per sec, the spacing between contours is very 
nearly constant. At frequencies below 1000 cycles per sec, how- 
ever, the contours converge. At a frequency of 100 cycles per 
sec, for example, the threshold of audibility occurs at an intensity 
of 38 db above 10—' watts per sq cm, and the threshold of feeling 
occurs at 125 db above 10~'* watts per sqem. Under these con- 
ditions, therefore, a change in loudness of 120 db is caused by a 
change in intensity of 87 db. 

One of the practical results of this physiological effect is that in 
quieting an airplane, the loudness of the components of low-fre- 
quency noise (which predominate in airplanes) decreases more 
rapidly than the intensity. This is a fortunate effect, and is one 
of the few instances where physiology aids acoustical engineers 
in making airplanes more comfortable. The following example 
serves to illustrate this phenomenon. If a composite noise hav- 
ing an intensity of 100 db at each frequency over the range from 
20 to 1000 cycles per see (appearing as a straight horizontal line 
on Fig. 1) is reduced 40 db in intensity, the low frequencies will be 
reduced more than 40 db in loudness. The loudness of the 100- 
cycle tone, for instance, will be reduced 65 db (or in other words, 
from 100 to 35 db in loudness), and tones below 35 cycles per sec 
will be reduced more than 100 db in loudness and will become in- 
audible. 

Another important physiological effect is described in papers by 
Harvey Fletcher and W. A. Munson*:® of the Bell Telephone 
Laboratories, and B. G. Churcher* of the Metropolitan-Vickers 
Electric Company, Ltd., Manchester, England. The effect of 
sound quality upon loudness as interpreted by the ear is described 
in these papers. When a tone is composed of a fundamental and 
harmonics, its loudness may appear to be as much as 30 db 
greater than a pure tone of the same fundamental frequency and 
intensity. This effect may be present even though the inten- 
sity of the harmonics may be low in comparison with the inten- 
sity of the fundamental. It is evident from this fact that in 


‘Loudness, Its Definition, Measurement, and Calculation,’ by 
H. Fletcher and W. A. Munson, Bell System Technical Journal, vol. 
12, October, 1933, pp. 377-430. 

5 “Loudness, Pitch Timbre of Musical Tones and Their Relation 
to the Intensity, the Frequency and the Overtone Structure,”’ by H. 
Fletcher, Journal of the Acoustical Society of America, vol. 6, October, 
1934, pp. 59-69. 

‘Noise Measurement for Engineering Purposes,’ by B. G. 
Churcher, Electrical Engineering, vol. 54, January, 1935, pp. 55-65. 
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quieting airplanes it is important to reduce not only the funda- 
mental low-frequency noise but also the harmonics. Reducing 
the latter reduces the loudness of the noise by a greater amount 
than would be measured by the sound meter. 

Still another important factor which should be considered, is 
the annoyance characteristic of the noise. For instance, pulsat- 
ing noises such as those caused often by the engines in a multi- 
motored plane may be, and usually are, much more annoying 
than a steady noise. In time, the ear becomes accustomed to 
a steady noise and its annoyance decreases, whereas, with a 
noise varying in intensity this physiological effect does not occur 
to as great a degree. 

It is generally true also that a high-pitched hissing noise, such as 
may be caused by individual window ventilators and leaks 
around doors and windows, is usually more annoying than a low- 
pitched noise of the same loudness. These factors have been con- 


Fia. 2 


Sounp-LEVEL METER AND FREQUENCY ANALYZER 


sidered in the design and application of the acoustical treatment 
of airplanes described in this paper. 


NoisE MEASUREMENTS 


Although, as has been pointed out, loudness is not a linear func- 
tion of sound intensity, it is nevertheless desirable to measure in- 
tensities with instruments rather than loudness by the use of the 
ear. This is true due to the fact that people of normal hearing 
have widely different ear-sensitivity characteristics, and that the 
characteristic of an individual may change appreciably during a 
short period of time. For making the results of measurements in 
different planes and at different times quantitatively comparable, 
it is necessary therefore to measure noise intensities by the use of 
accurately calibrated instruments. 

Noise measurements, in order to be universal in their represen- 
tation, must also be made with respect to a given intensity recog- 
nized as a standard. Such a standard is that accepted by the 
Acoustical Society of America representing a sound-intensity level 
of 10-1* watts per sq em. This is equal approximately to the 
threshold of hearing of the average ear for a tone of 1000 cycles 
per sec. This is the reference level or zero level indicated on 
the ear-loudness chart in Fig. 1. 

It has been common practice in articles written about airplane- 
noise reduction to relate measurements to a reference level of one 
millibar sound pressure. This is 13.8 db higher than the present 
standard of 10-'* watts per sq cm, and therefore any noise is nu- 
merically 13.8 db higher when referred to the present standard 
than when referred to the previous standard. Although through- 
out this article, noise values are given in terms of the present 
standard, in some cases for reference purposes they are also given 
in terms of the previous standard reference level. 
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Overall noise-intensity measurements, that is, measurements of 
the total noise comprising all frequency components present, are 
made by the use of a sound-level meter. The Western Electric 
sound-level meter, shown in Fig. 2 together with its associated 
frequency analyzer, is designed to give a reading comparable to 
that which would be heard by the average ear. In other words, 
the measurement is weighted so as to make the intensity of each 
component tone approximately equal to its loudness, as judged 
by the average normal ear. This is accomplished by the use of 
an equalizer contained in the meter which attenuates the low and 
high frequencies to conform approximately to the ear-loudness 
characteristic. In the early meters of this type, one weighting 
characteristic was provided to equalize intensities over the fre- 
quency range in accordance with the 40-db, equal-loudness con- 
tour. In a later-type sound-level meter, weighting characteris- 
tics equivalent to the 30-, 60-, and 90-db equal-loudness contours 
are included, and a switching key allows the selection of the char- 
acteristic most nearly corresponding to the noise being measured. 

The effect of this weighting equalizer may be illustrated by re- 
ferring to Fig. 1. A 1000-cycle tone with a loudness of 60 db is 
produced by an intensity 60 db above 10~'* watts persqem. A 
72-db sound intensity at 100 cycles per sec, however, is required 
to produce a tone with a loudness of 6) db. Therefore, it is neces- 
sary to attenuate this tone 12 db in order to make the meter 
(which reads sound intensity) read the loudness of this tone as in- 
terpreted by the ear. Similarly, at a frequency of 50 cycles per 
sec, the attenuation required is the difference between 78 db and 
60 db or 18 db. 

The Western Electric Company sound-level meter utilizes a 
microphone of the dynamic type, which is shown in Fig. 2. This 


Fic. 3. Visromete. Usep to Pick Up VipraTIon FoR MBEASURE- 
MENT AND ANALYSIS 


microphone picks up the noise to be measured, which in turn is 
amplified and detected by the meter. A microammeter forming 
a part of the sound-level meter is calibrated in terms of decibel 
level above standard reference level. Adjustments are provided 
80 that this calibration can be maintained regardless of the exact 
sensitivity of the particular microphone being used. 

In airplane measurements, it is necessary not only to know the 
total amount of noise entering the passengers’ and pilot’s com- 
partments, but also the magnitudes of the individual frequency 
components of which the noise consists. A knowledge of these 
components makes it possible to design the acoustical treatment 
to most effectively eliminate them. Having determined these 
components, it is possible to relate them to their sources and re- 
duce them, as well as insulate the cabin against the portion of 
these noises which cannot be so eliminated. If it were found, for 


instance, that noise components are prominent in the cabin which 
can be related to fundamental rotational engine speeds, it is often 
possible to reduce the noises so caused by improving the balance 
of the engines and modifying the engine mountings. 

The instrument used to determine these characteristics is the 
frequency analyzer. The Western Electric Company analyzer 
is shown with associated equipment in Fig. 2. It is used in con- 
junction with the sound-level meter previously described. With 
this instrument, it is possible to select a noise band either 200 
cycles or 20 cycles wide out of any portion of the noise frequency 
spectrum from 40 to 11,000 eyeles per sec, rejecting all other por- 
tions of the noise. This selection is made by the use of either of 
two fixed-frequency band-pass filters. The noise to be analyzed 
is modulated by the use of a variable-frequency oscillator. The 
modulated noise is passed through one of the crystal band filters 


Fic. 4 Higu-Speep Sounp-LEVEL RECORDER SET-UP FOR OPERAT- 
ING SYNCHRONOUSLY WITH AN OSCILLATOR 


after which the selected band is demodulated and applied to the 
sound-level meter which indicates the intensity of this band of 
noise in decibels above the standard reference level. 

With the filter for the 200-cycle band, the general shape of the 
noise frequency characteristic is measured, and with the filter for 
the 20-cycle band the frequency components of engine and pro- 
peller and other noise are identified and measured. This fre- 
quency analyzer, as well as the associated sound-level meter, are 
described in a paper by 8S. K. Wolf and W. J. Sette’ of the Elec- 
trical Research Products, Ine. 

In addition to being able to measure noise in the cabin of a 
plane, it is also useful to be able to measure overall vibration and 
vibration-frequency components. This is accomplished by the 
use of a vibrometer in conjunction with the sound-level meter and 
frequency analyzer. This instrument was developed recently for 
airplane testing by the Electrical Research Products, Inc. This 
unit is shown in Fig. 3. 

It is also desirable to be able to explore the intensities of sur- 
face-noise radiation. Therefore, it was desirable to develop an 
attachment for the microphone which would make it possible to 
measure quickly various types of interior airplane surfaces. By 
the use of such measurements it has been found possible to dis- 
tribute more efficiently the acoustic treatment. In a test made 
of an acoustically treated plane, it was found possible by increas- 
ing the weight of treatment on surfaces having high noise radia- 
tion, and decreasing treatment on surfaces from which there was 
little noise radiated, to reduce noise in the cabin and at the same 
time reduce the total weight of acoustic treatment. 

In order to measure the noise reduction provided by the cabin 
walls, another piece of equipment known as a high-speed sound- 
level recorder, developed by the Bell Telephone Laboratories, is 


7*‘Some Applications of Modern Acoustic Apparatus,” by S. K. 
Wolf and W. J. Sette, Journal of the Acoustical Society of America, vol. 
6, January, 1935, pp. 160-168. 
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used. This equipment, consisting of three units, is shown in Fig. 4. 
It has been described in detail in the article referred to previ- 
ously,’ and in a paper by E. C. Wente, E. H. Bedell, and K. D. 
Swartzel, Jr.,8 of the Bell Telephone Laboratories. In effect it is 
a rectifying oscillograph. A stylus is provided which records on 
waxed paper the sound-intensity variations occurring at the 
microphone attached to this instrument. The speed at which 
the stylus is capable of traveling is 840 db per sec. For some 
purposes it is desirable to have the stylus travel at slower speeds. 
Provision has been made therefore for reducing it in steps to as 
low as 45 db per sec. 
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Fic. 5 Norse Repuctrion Resuttine From INSULATION AND 
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For measuring the noise reduction provided by an airplane 
structure, loudspeakers placed outside of the plane reproduce 
tones from an oscillator varying in frequency from 50 to 10,000 
cycles per sec. Continuous intensity-frequency charts of the 
sound outside the plane are made by the use of the high-speed 
automatic level recorder. Corresponding charts are also made of 
the sound intensities inside of the plane (the source of sound re- 
maining outside). A comparison of intensities outside and inside 
the plane furnishes data for charting the noise-reduction fre- 
quency characteristics of the plane structure. 


LABORATORY MEASUREMENTS 


In reducing airplane noise within the passengers’ and pilot’s 
compartments, it is necessary not only to provide sound insula- 
tion, but also sound absorption. The purpose of the latter is 
to dissipate sound which cannot be excluded from the cabin by 
the materials of which the cabin walls are constructed. Thick 
walls having a high insulation value, if not supplemented by ab- 
sorption within the cabin, will be of little value in reducing noise 
within the plane. For instance, if the walls of a cabin have a 
sound-insulation value of 30 db but the interior of the plane has 
an average coefficient of absorption of only 2 per cent, the effec- 
tive sound reduction of the combination will be only 12.5 db. 
If there were no sound absorption within the plane (which is of 
course impossible), the sound reduction would be 0 db. The 
sound insulation in this case would serve only to delay momen- 
tarily the building up of the sound within the cabin to the same 
intensity as outside. With an average absorption coefficient 
over the inside surface of the cabin of 50 per cent, the effective 
noise reduction will be 27 db. 

Fig. 5 illustrates this relationship and shows the need of pro- 
viding the proper balance between sound insulation and absorp- 
tion in the reduction of airplane noise. These curves have been 

8 “‘A High-Speed Level Recorder for Acoustic Measurements,” by 


E. C. Wente, E. H. Bedell, and K. D. Swartzel, Jr., Journal of the 
Acoustical Society of America, vol. 6, January, 1935, pp. 121-129. 


drawn from values calculated from formulas given by Dr. H. L. 
Dryden.* He points out that with a uniform sound field outside 
of an airplane cabin, the noise level within the cabin is decreased 
by an amount dependent upon the sound transmission loss 
through the cabin walls, and the sound absorption of the interior 
surfaces. It can be shown that when 7’ is the ratio of the inten- 
sity of the sound transmitted through the walls to the sound 
striking the outside surface, and a, is the ratio of the intensity of 
the sound within the cabin which is absorbed by the cabin walls 
to the sound striking the interior walls, the noise reduction in 
decibels afforded by the walls can be expressed approximately as 


decibels = 10 logio 


The curves in Fig. 5 are based on this formula and show the noise 
reduction to be expected for any absorption coefficient of the in- 
terior surfaces, and for various amounts of wall insulation. 


Fic. 6 Live anp Deap Rooms or THE AcousTIC LABORATORY OF 
THE ELEcTRICAL ResearcH Propucts, INc. 


In order to determine the most effective 
and suitable type of airplane treatment, it 
is necessary to make laboratory measure- 
ments of the various types of light acoustic 
materials which are available. For meas- 
uring the acoustic absorption and insula- 
tion characteristics, the Bell Telephone 
Laboratories and the laboratory of the 
Electrical Research Products, Inc., are used. 
The latter laboratory is shown in Fig. 6. 
This contains a reverberation chamber which 
is well-insulated against outside noises, and 
in which the reverberation time has been 
made as great as practicable. This high 
degree of liveness is obtained by the use of 
special Swedish putty and hard enamel on 
all wall surfaces. In this room, low-fre- 
quency tones between 100 and 200 cycles 
per sec have a reverberation time of ap- 
proximately 18 sec. Reverberation time is 
defined as the time required for a sound to 
decay to a value 60 db below its original in- 
tensity. The absorption-frequency charac- 
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teristic of an acoustical material is determined by measuring the 
decrease in reverberation time caused by placement of the mate- 
rial in the room. 

For making comparative tests of absorption characteristics of 
small samples of materials, the acoustic tube, shown in Fig. 7, 
has been found valuable. This tube operates on the principles 
described by E. C. Wente and E. H. Bedell of the Bell Tele- 
phone Laboratories. The material to be measured is placed at 
the open end of the tube. The position of a sound generator 
within the tube can be varied in order to provide a standing wave 
between it and the acoustic material. At each frequency within 
the operating range, the sound pressures at the maximum and 
minimum positions along the length of this tube are measured by 
means of the small-diameter tube which is coupled acoustically 
to the microphone. From these readings the absorption of the 
material under test can be determined from established formulas. 
This tube has been useful in comparing absorption characteristics 
of a large number of acoustical-material samples in various com- 
binations which could not have been determined so readily had 
the large sample required in the reverberation-chamber measure- 
ments been necessary. 

In the acoustic laboratory it is also possible to make sound- 
transmission measurements. This is done by generating a tone in 
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the live room, or reverberation chamber, of the laboratory, and 
measuring the sound intensity transmitted through the material 
which is placed as a barrier between this room and an acoustically 
dead room associated with it. This dead room is shown in the 
background of Fig. 6. By comparing the intensity-frequency 
characteristic in the dead room with the intensity-frequency 
characteristic of the sound in the live room, that is, the room in 
which the sound originates, it is possible by the use of established 
formulas to determine the transmission-loss-frequency character- 
istic of the material under test. 

To supplement such tests, a small box has been constructed 
which is useful in measuring the transmission characteristics of 
small samples of materials. This is comparable in usefulness in 
measuring transmission-loss characteristics, to the acoustic tube 
which was described in connection with the measurement of 
acoustic absorption. 


Fuicut Tests 


The sound-level meter, frequency analyzer, and associated 
equipment described previously are the most important instru- 
ments used in making airplane-flight measurements. Such meas- 
urements are divided into five groups: (1) Noise intensity, (2) 
noise radiation from surfaces, (3) noise-frequency analyses, (4) 
vibration-frequency analyses, and (5) separation of component 
noise characteristics. 


10 ‘The Measurement of Acoustic Impedance and the Absorption 
Coefficient of Porous Materials,” by E. C. Wente and E. H. Bedell, 
Bell System Technical Journal, vol. 7, January, 1928, pp. 1-10. 
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The descriptions of the various flight tests are accompanied by 
charts and curves, which are qualitatively and quantitatively rep- 
resentative of measurements made in many planes under actual 
flight conditions. 

Noise Intensity. The first group includes a complete explora- 
tion of the noise intensities at various positions in the passengers’ 
and pilot’s compartments. Such measurements are illustrated 
and discussed under the descriptions of Figs. 8 and 9. These 
tests indicate the portions of these compartments at which noise 
is entering. From the measurements taken during the test, the 
average noise level in the plane is obtained. In most planes, for 
instance, a large portion of the noise is generated adjacent to the 
front portion of the cabin, and enters the cabin at thisend. This 
is particularly true of planes equipped with direct-drive propellers 
turning at a relatively high rate of speed. 

Fig. 8 represents typical noise conditions at the level of the pas- 
sengers’ heads in an acoustically treated airplane. The noise con- 
tours shown are based on data obtained under normal flight con- 
ditions following the completion of acoustic treatment. Addi- 
tional data are also obtained from which to plot similar noise- 
intensity contours for sections near the floor and ceiling, both in 
the passengers’ and pilot’s compartments. In some instances 
noise distribution is shown more advantageously by means of 
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vertical contours, plotted from the same data. For the purpose 
of illustration, however, only the contours at head level in the 
passengers’ compartment are shown. 

The numerical values associated with the contours represent 
noise intensities above standard reference level. The average 
noise at the level of the passengers’ heads in this plane is found 
to be 84.3 db, which is 70.5 db with respect to 1 millibar sound 
pressure. In order to convert any of the values shown in Fig. 
8, or in any of the succeeding figures, to the previous standard 
reference level, it is only necessary to subtract 13.8 db. These 
lower numerical values are found in articles regarding airplane 
noise, particularly those written prior to the adoption of the 
present standard reference level. Therefore, in this article the 
noise values are occasionally given with respect to the old as well 
as the new reference levels, in order that confusion may be 
avoided. 

It is to be noted in Fig. 8 that in general the quietest portion of 
the cabin is in the center, which is farthest from the surfaces 
which radiate noise. In this plane the noise-potential gradient is 
greatest at the front, which is closest to the noise sources. The 
figures in the pilot’s compartment indicate that the difference in 
noise intensity between the pilot’s compartment and the passen- 
gers’ compartment is approximately 15 db. This is accounted 
for largely by the fact that this plane was equipped with two- 
blade direct-drive (nongeared) propellers, the tips of which 
came close to the skin of the pilot’s compartment. The principal 
noise component was found to be attributable to the propellers. 
Comparative measurements indicate that had this plane been 
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equipped with three-blade propellers geared to the engines, a sub- 
stantial reduction in the noise in the cabin and pilot’s compart- 
ment could have been effected. 

Fig. 9 is representative of noise conditions at the passengers’ 
head level found during the first flight prior to redistribution and 
final adjustment of the acoustic treatment. These values repre- 
sent measurements made prior to those shown in Fig. 8. The 
average head-level noise is 88.4 db or 74.6 db above the old ref- 
erence level. It is to be noted that in this case, noise enters not 
only from the front, but also from one side near the rear. This 
is attributable largely to leaks around the door which were re- 
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duced by improved sealing. By a redistribution of the treat- 
ment, the results of which are shown in Fig. 8, the noise coming 
from the surfaces of greatest radiation is reduced, thereby reduc- 
ing the noise level throughout the cabin. 

Noise Radiation From Surfaces. In addition to determining 
noise intensities throughout the cabin, it is also desirable to be 
able to measure the relative noise intensities being radiated from 
different surfaces of this compartment. This has been accom- 
plished by the use of a special microphone attachment used in 
conjunction with the sound-level meter. 

By means of this instrument the sound radiation from particu- 
lar surfaces may be measured to the effective exclusion of noise 
coming from the surrounding areas, even though the latter may 
predominate in magnitude by an appreciable amount. In some 


instances, measurements on adjacent surfaces have been found 
to differ by as much as 15 to 20 db. The average radiation inten- 
sity multiplied by its area gives a product which is a measure of 
the relative contribution of that surface to the total noise. It 
can be seen that this provides a valuable means of determining 
the importance of the noise radiation from each surface, and the 
surfaces on which the acoustic treatment should be increased or 
decreased in order to obtain the maximum efficiency from every 
portion of the acoustic material used. For example, if the aver- 
age radiation intensity of a ventilation duct were 20 db above, or 
100 times, the average intensity over the remainder of the cabin, 
and if the area of that ventilation duct were one one-hundredth 
of the total area of the cabin, then the amount of noise energy 
radiated from this duct would be equal in magnitude to that 
radiated from the remainder of the cabin. The total noise level 
in the cabin would be practically 3 db higher than if the ventila- 
tion duct had the same radiation intensity as the other surfaces. 
The effect of this high radiation from the duct would of course 
raise the noise intensity much more than 3 db in the area im- 
mediately adjacent to the duct. 
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Fig. 10 shows a typical chart of surface-noise radiation made 
of a plane prior to redistribution of treatment. The figures 
given on the chart are relative to the average radiation intensity 
over the surfaces of the cabin. Negative values represent sur- 
faces having relatively lower radiation. Positive values are 
shown on surfaces having relatively higher radiation. In redis- 
tributing the acoustic treatment, the latter surfaces should be 
most heavily treated. 

An examination of Fig. 10 indicates the following: The sur- 
faces below the windows, particularly toward the front of the 
plane, are found to have an intensity from 2 to 9 db above the 
average, and therefore require additional treatment. The radia- 
tion from the floor is not particularly objectionable except in the 
extreme front of the cabin. The radiation from the ceiling is 
considerably below that of the average and therefore, except in so 
far as the acoustic material on the ceiling is valuable as an ab- 
sorption material, the weight of treatment could be reduced. It 
can be seen, therefore, that by means of the surface-radiation 
measurements the particular surfaces requiring additional treat- 
ment are shown. The use of such data has made it possible to 
reduce appreciably the noise level in planes, in some cases also 
with a reduction in the total weight of treatment. 
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Noise-Frequency Analyses. The measurements which have 
been discussed so far are of total noise, representing the summa- 
tion of all noise components present throughout the audible- 
frequency range. These components are weighted by the sound- 
level meter, as already described, in order to measure them as 
nearly as possible as the ear hears them. Fig. 11 shows the re- 
sults of measurements (not weighted) made with the frequency 
analyzer used in conjunction with the sound-level meter. The 
upper curve was made using the 200-cycle-band filter. This se- 
lects a band of noise 200 cycles wide at any portion of the noise- 
frequency spectrum, in the manner previously described. Such 
measurements extending over the frequency range from 100 to 
1000 eveles per sec, were made to obtain the data for plotting this 
curve. As is evident, the noise existing in the passengers’ com- 
partment consists principally of low-pitched tones or frequency 
components. For instance, the noise intensity at 100 cycles per 
see was found to be 98 db above the reference level, whereas, the 
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corresponding intensity at 1000 cycles per see was found to be 
only 61 db. In other words, the intensity of the sound energy at 
the lower frequency was found to be approximately five thou- 
sand times as great as the intensity of the sound energy at the 
higher frequency. 

The lower curve in Fig. 11 is irregular due to the fact that in- 
dividual noise components of the propeller and engine rotation 
are measured separately by the use of the 20-cycle-band filter of 
the frequency analyzer. By comparing the peaks of this curve 
with the engine-explosion, crankshaft, and propeller-blade fre- 
quencies plotted below the curves, it is evident that the engine- 
explosion fundamental frequency and harmonies are prominent. 
Almost equally prominent are the engine-crankshaft or propeller 
noise components. Inasmuch as they have the same frequen- 
cies in each case, it is necessary to determine which of these pos- 
sible noise sources is more prominent by other tests. These are 
described in a following section of this article. 

Curves comparable to those of Fig. 11 and representing noise 
conditions in the pilot’s compartment are shown in Fig. 12. It 
will be noted that these characteristics are not only higher in 
noise level than those described for the passengers’ compart- 
ment, but they also have a steeper slope. The upper curve, for 
instance, made by the use of the 200-cycle-band filter of the fre- 
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quency analyzer indicates that the noise level at 100 cycles per 
see is 129 db, whereas, the corresponding level at 1000 cycles 
per sec is 82 db. These are comparable to levels of 98 db and 
61 db for the passengers’ compartment. 

The 20-ecyele band analyses in the passengers’ and pilot’s com- 
partments are different also with respect to intensities of peaks, 
those of the characteristic in the pilot’s compartment being much 
more pronounced. These are attributable to the preponderance 
of propeller noise in the pilot’s compartment. It is to be noted 
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that the components of the engine-explosion noise are over- 
shadowed by propeller and possibly also by engine-crankshaft 
noise. These peaks are identified as propeller rather than en- 
gine-crankshaft noise in the following paragraphs describing the 
characteristics of component noise. 

Vibration-Frequency Analyses. The analyses described so far 
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have been of noise picked up by the use of a microphone located 
in representative positions in the passengers’ and pilot’s compart- 
ments. It is not only desirable to analyze noises, but also the 
vibrations of important parts of the plane structure. 

Vibration data are measured in terms of rms velocity. Vibra- 
tion velocity, as so expressed, is proportional to the sound pres- 
sure which would be radiated from such a vibrating surface. 
The following is an example of the meaning of these vibration 
values. At a 20-db level above the reference chosen of 1 mil per 
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sec rms velocity, a vibration of 100 cycles per sec would have an 
rms velocity of 10 mils per sec, or a peak velocity of approxi- 
mately 14 mils per sec. The maximum amplitude of vibration 
would be 0.045 mil. At the same level of 20 db, a tone of 1000 
cycles per sec would have by definition the same rms velocity 
and maximum velocities, but would have a maximum amplitude 
of vibration of only one tenth as great as that of the 100-cycle- 
per-sec vibration, or 0.0045 mil. 

Typical vibration analyses are shown on Figs. 13 and 14. 
These were made by the use of the vibrometer, described in a pre- 
ceding section of this paper, associated with the sound-level meter 
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and frequency analyzer. The 20-cycle-band filter of the fre- 
quency analyzer was used in making these measurements. The 
analysis of Fig. 13 was made with the plane climbing at 80 per 
cent power with the propeller in high pitch. Fig. 14 shows an 
analysis at the same position in the plane when climbing in low 
pitch with the same engine horsepower. The higher rotational 
propeller speed with the propeller in low pitch appreciably in- 
creased the propeller-tip speed and therefore the propeller noise; 
consequently, the propeller components are found to predominate 
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in Fig. 14, whereas, in Fig. 13 the engine-explosion components 
are found to predominate. 

To further emphasize the propeller-vibration components, the 
vibration pickup device was moved to the pilot’s compartment 
and fastened to a portion of the fuselage immediately adjacent to 
the propeller blades. The engine vibration path through the 
fuselage to this new location was longer than to the location meas- 
ured in the passenger compartment. Therefore, the engine- 
vibration component would be expected to be comparatively less 
prominent in the pilot’s compartment position. An analysis 
made with the vibrometer in this position is shown in Fig. 15. 
It will be noted that all components of the propeller rotational 
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speed both up to and including the seventh harmonic are very 
prominent almost to the exclusion of all other vibration com- 
ponents. 

These vibration data are useful in determining the extent to 
which noise is transmitted into the cabin through the fuselage 
structure as compared with that transmitted into the compart- 
ment through the air. The vibrometer is also useful in determin- 
ing the effectiveness of isolation mountings for the engines, floors, 
and seats, as well as other isolated portions of the plane. 

Separation of Component-Noise Characteristics. The analyses 
which have been discussed above, of noise and vibration, were 
made by the use of the frequency analyzer in conjunction with 
the sound-level meter, and either a microphone or a vibrometer. 
These measurements, though extremely useful are not all that are 
needed to reduce noise and vibration most efficiently. Airplane 
noise comes from three major sources: The propeller, the engine, 
and aerodynamic turbulence. These three noises vary independ- 
ently with airplane-performance factors. Aerodynamic noise is 
a function of air speed; propeller noise is a function of propeller- 
blade tip speed; and engine noise is principally a function of 
horsepower. Therefore, a determination of the noise character- 
istics of the components with respect to these factors becomes an 
important step in the process of separating the total noise into its 
components. 

To separate these components is not a simple process. It is 
obvious that from a measurement standpoint it would be ideal in 
measuring propeller noise to be able to remove the engines and 
other noise-producing parts of the plane. Likewise, in making 
flight measurements of engine noise, it would be desirable to 
eliminate the propeller. Such changes in flight are obviously im- 
possible. Less drastic methods must, therefore, be resorted to in 
separating the component noise characteristics. 

A series of tests, made under various flight conditions furnishes 
data from which simultaneous equations can be formulated. 
With the requisite number of equations for the number of un- 
knowns involved, it is possible to obtain a solution of the prob- 
lem. In this way the noise-component characteristics have been 
separated as shown by the representative curves of Figs. 16, 17, 
18, and 19. 

Fig. 16 shows the engine, propeller, and aerodynamic noise 
characteristics in the passengers’ compartment of a plane 
equipped with direct-connected propellers. In addition to the 
components, the total overall noise characteristic is shown as a 
heavy solid line. 

Contrasted with this are the data shown in Fig. 17. Two 
striking differences are to be noted. The propeller noise as shown 
in Fig. 17 is lower, due to a reduced propeller-tip speed. The 
engine noise, however, is much greater, due to the use of a stiffer 
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type of engine mounting. This increased stiffness appeared to 
be of minor importance and might not have been expected to 
cause such an appreciable increase in the noise as heard in the 
passengers’ compartment. A further stiffening of the engine 
mounting upon an experimental basis was found to cause a fur- 
ther increase in noise. This change resulted in a very disagree- 
able increase in fuselage vibration, which would have been dis- 
turbing to passengers. 

Figs. 18 and 19 show, respectively, the noise conditions ob- 
tained in the same type of plane with a two-blade direct-driven 
propeller and with a three-blade propeller driven through reduc- 
tion gears. In the former case, the propeller noise equaled the 
engine noise at approximately 1800 rpm, and became increasingly 
greater than the engine noise at higher engine speeds. In the 
latter case, the propeller noise was below the engine noise and 
even below the aerodynamic noise at all level-flight operating con- 
ditions. In the case of the two-blade propeller, operating at 2000 
rpm, a reduction in propeller noise of 5 db would reduce the over- 
all noise 3 db. With the three-blade propeller at 2000 rpm, a re- 
duction of the propeller noise by 5 db would result in a reduction 
of the total noise of only 0.4 db. In general, the greatest amount 
of overall noise reduction can be obtained by directing the efforts 
toward the reduction of the most prominent component or com- 
ponents. Where the various components are at approximately 
the same intensity they must all be reduced to obtain any appre- 
ciable further noise reduction. 


CONCLUSIONS 


It has been the aim in the presentation of this paper to illus- 
trate the importance of accurate and complete acoustic measure- 
ments in the reduction of noise and vibration in airplanes. Com- 
plete analyses can be made by experienced engineers having the 
proper measuring equipment which will enable them to attack 
the problem scientifically and efficiently and to determine the 
most economical means of accomplishing the desired results. 
Minor modifications may sometimes be resorted to, in order to 
effect a substantial reduction in noise and vibration. These may 
be equally as good or even more effective than expensive and 
major changes made without a full knowledge of the characteris- 
ties of the contributing noise and vibration sources. 

The authors wish to express their sincere thanks to the various 
airplane manufacturing companies and air lines who have sup- 
plied the planes and who have assisted in the numerous tests used 
as a basis for the preparation of this paper. They wish particu- 
larly to acknowledge the cooperation given by Hall Hibbard, 
vice-president and chief engineer of Lockheed Aircraft Corp., 
and C. N. Monteith, vice-president and chief engineer of the 
Boeing Airplane Company. 
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Functions for Solution of Three-Moment 
Equation for Beam Columns With 
Nonuniform Loads 


By JOHN E. YOUNGER,' BERKELEY, CALIF. 


NOTATION 
HE following notation (see Figs. 1, 2, and 3) is used: 
A, B, andC = three adjacent side supports of a beam 
column, in. 


M,, My, and M, = the bending moment at the points of sup- 
port, in.-lb 


P = axial load impressed on the beam column, |b 

L = length of bay, in. 

E = Young’s modulus of elasticity, lb per sq in. 

/ = moment of inertia of the cross-sectional 
area of the beam with reference to the 
neutral axis of bending, in.‘ 

Q = a concentrated side load, Ib 

K = a fraction, 0 to 1 

j = V(P/ED 

w = uniform side load, lb per in. 


THREE-MoMENT EQUATION FOR BEAM COLUMNS WITH 
NONUNIFORM Loaps 


It may be shown? that the three-moment equation for a con- 
tinuous beam column with a nonuniform side load f(z), a constant 
beam cross section, and with undeflected supports A, B, and C 
shown in Fig. 1 is 
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1 Professor of Mechanical Engineering, University of California. 
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aviator, 1917 to 1919; second lieutenant, U. S. Army; faculty of 
University of California, 1925 to the present, with the exception of 
two years spent as aeronautical engineer, Wright Field, 1927 to 1929. 
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For a uniform load, f(z) = w, so that 
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“y= 4 ... {5} 
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Fig. 3 


The functions a, 8, and y, of which tables* are extant, have long 
been in use for analyzing airplane stresses. 

3 “Airplane Structures,” by A. S. Niles and J. S. Sewel, John 
Wiley and Sons, Inc., New York, N. Y., 1929. A standard set of 
functions as used in this country is given in this text. In this book 
j is taken as \/ (P EI). 
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The author has prepared a table of functions for concentrated 
side loads and other nonuniform side loads, but because of the 
length of this table, the functions are presented here in graphical 
form in Figs. 4 and 5. 

In Equation [4] if we let z = KL, then 


6 sin Kj L | 
-f | S(KL) LdK...... (7) 


In this equation, LdK is an element of length as shown in 
Fig. 2, and f(KL) is the intensity of loading at this point. Thus 
S(KL)LdK is the total loading which may be assumed to be 
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concentrated at the center of the element. Let this load be 
Q. Then we may write 


6 sin Kj L 6K 
If we let 
Then 
Ke=1 
K=0 


The author has calculated a table of the ¢ functions but, as 
previously stated, the functions are shown graphically in Figs. 4 
and 5 because of the length of the table. 

As an example of its use for a single concentrated load for each 
bay as shown in Fig. 3, assume the concentrated loads, Q, for 


bay 1, and for bay 2. Then K, = and = >. Calculate 
1 


jL for each bay. With these values of K and jL, the function 
¢@ may be taken from Figs. 4 or 5. Thus y may be calculated from 
Equation [10]. 

As noted in Equation [10], a nonuniform side load must be 
considered as a series of concentrated loads and then calculated 
as indicated by Equation [7] and Fig. 2. Thus Equation [10] 
becomes, assuming values of 0.1, 0.2, 0.3, .... 0.9 for K 


= $0.:1Q0.1 + + +... {11] 
from which y may be calculated. 
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Theory and Practice of Wire-Line Coring 
in Hard Formations 


By JOHN P. KLEP,' HOUSTON, TEXAS 


The author discusses the difficulties encountered in 
drilling oil wells through hard rock to deep horizons and 
the necessity for more accurate correlations. He points 
out the conditions for the successful correlation by geo- 
physical, electrical-resistivity, and microscopical examina- 
tions of well cuttings and discusses the necessity of coring 
to establish absolute characteristics of sediments, exact 
correlations, and true value of formations. The principles 
and theory of wire-line coring are presented by the author 
together with a discussion of the applications of the vari- 
ous known devices. He also compares wire-line coring 
with other methods. Reference is made to the introduc- 
tion of wire-line coring in hard-formation territory, to 
the difficulties encountered, and to the development of 
processes used to overcome these difficulties. 


HE continuing increase in the consumption of gasoline, to- 

gether with larger exports of crude oil and gasoline and 

recent higher prices, has stimulated the demand for crude 
oil without any prospect of prolific new pools being discovered. 
In order to meet the increased demand and to insure adequate 
supplies for the future, the major oil companies have recently 
started a wide exploratory campaign. Trading in leases and 
royalties in many parts of the country has been most active 
during the past twelve months. Many wildcat wells have been 
started recently in scattered areas. No particular section of the 
great Mid-Continent oil province has escaped the interest of the 
oil companies. Nev areas are being studied by the geological 
and geophysical departments of most operating concerns. Old 
pools are being deepened and new territory explored. 

Coincident with this renewed wildcat activity, and constantly 
increasing with the greater depths attained, are the many diffi- 
culties encountered in deeper drilling. Not very long ago, a 
5000-ft test was considered a hazardous enterprise. Today, many 
tests have been drilled below 10,000 ft and one deep well in 
west Texas recently reached the unprecedented depth of 12,786 
ft. Some weeks ago one operator carried a 12'/,-in. hole to 
7500 ft in hard formation with 6°/,-in. drill pipe. 

Many mechanical difficulties have to be overcome in order to 
obtain these great depths. Considerable improvements have been 
made both in surface and subsurface equipment. This is mani- 
fested by increased power per unit of weight, greater capacity 
of hoisting equipment, and increased strength and durability 
of tubular goods. The introduction of power pumping equip- 
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ment and full-hole tool joints, the improvements in the technique 
of heat-treating, and the development of high tensile alloy steels 
have resulted in greater overall rig efficiency. This has increased 
drilling speeds and enabled the operators to penetrate even deeper 
through the earth’s crust. The development of the roller-bearing 
welded construction in rock bits and of new hard-metal substi- 
tutes for diamonds, together with their method of application 
on rolling and cutting surfaces, have practically eliminated from 
the reports the expression “too hard to drill.” 

In recent years many improvements have been adopted by 
the operators in quest of deeper production. Many new methods 
of correlation are in use today which were not available a few 
years ago. These correlations are necessary to establish struc- 
tural and sedimentary positions. We can no longer be satisfied 
with the haphazard methods of the past. Deep drilling is at best 
a most expensive proposition and it is essential that the most 
accurate determinations be made to satisfy the many exacting 
requirements arising in the different departments of the oil 
companies. 


MerxHops OF CORRELATION 


Correlations based on resistivity of the formations have proved 
most successful in some areas, after some test wells had been 
drilled and cored in the area. This method is improperly called 
electrical coring. It is based on the relative resistances to elec- 
trical circuits of the formations encountered. The method is 
particularly adaptable in proven territory where cores have been 
previously recovered. By comparison with these physical sam- 
ples, this purely relative method of correlation approaches ab- 
solute correlations provided that one is not interested in ob- 
serving further the physical characteristics of the rocks en- 
countered. 

Geophysical correlation with reflection and refraction seismo- 
graphs, with the torsion balance, with the magnetometer and 
other instruments based on mathematical interpretation of 
physical data have produced excellent results in areas such as 
the Gulf Coastal Salt Domes and the upper Mid-Continent buried 
ridges. In some particular locations results have been disap- 
pointing and at times misleading, especially in those regions 
where several angular unconformities are encountered before 
reaching the expected pay. Furthermore, geophysical work 
requires highly trained specialists and, frequently, different 
parties have obtained different results when covering identical 
areas. 

Microscopic examination of well cuttings carried by the drilling 
fluid has approached a science in some territories but, due to the 
large number of variable factors involved, this method can 
hardly become an absolute and exact science under our present 
operating conditions. The method would at all times be perfect 
for accurate correlations if the drilling of an oil well were com- 
parable to the operation of a stabilized electric power plant 
where possible varying factors can be controlled with ease, where 
the results to be obtained are known, and where the quantities 
involved remain reasonably constant over a certain period of 
time. 

The drilling of a deep well is a most complex operation both 
from a human and a mechanical standpoint. Gradually the 
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human-error element is being replaced by accurate controllable 
machinery, but due to the ever changing formations encountered 
by the bit, no constant set of rules can be established. Each 
new well brings up its own new problems which must be solved 
as they appear. Factors such as viscosity and weight of the 
drilling mud seldom remain constant over a period of time. Like- 
wise, the velocity of the mud stream constantly varies with the 
nature of the formations encountered, some of which tend to 
slow down the pumps and thus increase the time for cuttings 
to come up from bottom. Furthermore, the diameter of the 
hole often changes due to caving and frictional wear from the 
drilling column, thus changing the time element beyond control. 
In certain softer formations it is extremely hard to determine 
zones with this method. Furthermore, no dips, porosities, or 
permeabilities are obtainable. 

Although these methods of correlation have produced excellent 
results in many cases and will undoubtedly continue to do so, 
no method has yet been devised which eliminates the necessity 
for actual bottom hole sampling of the formations, or, in other 
words, core drilling. This latter remains the only way to ac- 
curately check such factors as relate to position, dip, percentage 
of certain sediments in the vertical column, porosity, permeability, 
and saturation. Determinations made by coring are absolute 
instead of relative. Actual characteristics are obtainable. The 
necessity for more coring has increased due to the new territories 
in process of exploration and to the deeper horizons being sought 
in old areas. 


Corp®-BaRREL OPERATION 


The use of core barrels has long been restricted due to the 
excessive cost per foot of hole cored. It is to be surmised that 
this high cost factor has caused us to pass up many interesting 
formations in recent years, particularly in areas where the rotary 
drilling fluid tends to mud off the walls of the hole. With the 
old conventional type of core barrel much time is lost in making 
frequent round trips from drilling bit to coring bit. Furthermore, 
most operators hesitate to use a full-gage core barrel because 
the large diameter of the outer barrel presents many dangers in 
case of a fishing job. The use of a 75/-in. barrel in an 11-in. 
hole necessitates the reaming of the core hole before getting 
back to bottom with a drilling bit. This creates more lost time 
and increases the bit bill due to increased bit wear and frequent 
necessity of pulling bits which are green but not green enough 
to run back in a deep hole. 

Besides these cost items, which have been mentioned, frequent 
round trips with the drill stem constitute a grave element of 
danger in many holes due to friction against the walls which may 
tend to slough off, or to heaving and caving characteristics of 
certain formations when the hydrostatic pressure against them 
is reduced by removal of the drill pipe from the hole. Further- 
more, each additional trip creates more wear and tear on surface 
equipment, drill pipe, tool joints, and drilling lines. These items 
will add up to impressive figures over a period of time. 

Another disadvantage of the conventional type of core barrel 
is the increased necessity of accurate mud control due to long 
periods during which the mud is not moving but trips are being 
made. During these periods the physical characteristics of the 
mud have time to change and must be corrected before resuming 
operations. Some geologists claim that the use of a conventional 
type of core barrel destroys the value of accurate sample work 
because of a smaller hole drilled and the much smaller quantities 
of cuttings removed from bottom. 

As an illustration, consider the drilling of an 11-in. hole at a 
rate of 1 in. per min. For each inch drilled, 95 cu in. of material 
per min are removed from the hole by the bit. If it were desired 
to take a core with a conventional type of core barrel, the bit 


must be removed from the hole and a 7°/sin. core barrel must 
be run in. The cutter head cuts a 3'/s-in. diameter core. The 
rest of the hole, which is the difference between a 75/,-in. diameter 
cylinder and a 3'/;in. diameter cylinder, is removed by the 
mud in the form of cuttings. At the same rate of penetration, 
that is, 1 in. per min, instead of removing 95 cu in. of material 
per min from the bottom of the hole, only 38 cu in. would be 
removed, thus destroying the continuity of accurate volume 
sample work. 

Another disadvantage of the conventional type of core barrel 
is the large possible percentage of error if a core were missed 
or the recovery very low. Due to the nature of conventional cor- 
ing it is usually necessary, from an economic standpoint, to 
cut as long a core as possible. This practice, on the other 
hand, is not desirable from a geological and mechanical stand- 
point, because the longer the core, the smaller are the chances 
of good recovery. By cutting a long core, the percentage of 
error is increased as the following example will show: Some 
California operators are in the habit of running core barrels 30 
and even 40 ft in length. Suppose the recovery to be 50 per cent, 
the error in vertical position of the recovered core is between 
15 and 20 ft in the section, under best recovery conditions, 
that is, supposing the recovered core to be a continuous section 
representative of subsurface position. If the length of core is 
reduced to 5 or 10 ft, the error is only 2'/, to 5 ft under the same 
conditions, but the cost of recovering a core becomes prohibitive 
due to the number of round trips necessitated, consequent loss 
of time, and wear and tear on all equipment. 

These many inconveniences have, for the most part, been 
removed by the use of the wire-line core barrel. 


Tre Wrire-Line Core BARREL 


This tool differs from the conventional type of core barrel 
because instead of lowering the inner barrel inside the outer 
barrel on the drill stem, necessitating a complete round trip each 
time a core is cut, the inner barrel is dropped inside the drill 
pipe from the derrick floor, with the outer barrel integral with 
the drill pipe and stationary in the bottom of the hole. The 
removable inner barrel floats down through the drilling fluid, 
and, upon reaching bottom, locks itself in the outer barrel 
which is a drill collar or reamer located just above the drilling- 
coring bit. After the core has been cut, the inner barrel is re- 
moved from the outer barrel with a small overshot operating 
from a sand line. To drop the core barrel and later on to remove 
it, it is necessary only to break the kelly. A trip on the sand line 
at 4500 ft requires about 20 min, whereas a round trip with the 
drill pipe would have taken from 3 to 4 hr. 

The first wire-line coring experiments were conducted in the 
Gulf Coast country some eight years ago. Since January, 1929, 
it is estimated that wire-line core barrels have been used on some 
2500 wells in the Gulf Coast territory alone. Approximately 
100,000 cores have been cut. 


PRINCIPLES OF OPERATION OF THE WIRE-LINE CorRE BARREL 


The fundamental principle of operation of a wire-line coring 
tool is extremely simple. The purpose of the mechanism is to 
enable the operator to take a number of cores, from 5 to 10 ft 
long, at any depth, without removing the drill stem from the hole. 
It is never necessary to core continuously, if it is not desired to 
do so. The tool is designed in such a manner that it can be used 
alternately as a drilling bit or a core bit without removal of the 
drill stem. The interval between round trips of the drill pipe is 
limited by the hardness of the formations drilled. In some in- 
stances, wire-line coring equipment has enabled operators to 
make from 500 to 1000 ft of hole, taking cores every 50 to 100 
ft or coring almost continuously, before a round trip became 
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necessary. These extreme results have been obtained in some 
of the softer formations of the Gulf Coast Plain and of the Nor- 
thern San Joaquin Valley of California. 

Wire-line coring equipment does not differ in principles of 
construction from the fundamental principles of bit and core 
hit construction. It embodies the principles of both. 


PRINCIPLES OF CONSTRUCTION 


All modern conventional-type core barrels are composed of 
three parts, the outer barrel, the inner barrel, and the cutter 
head. On the other hand, the principles of hole making are 
embodied in the design of the various kinds of drilling bits, which 
can be briefly classified as drag bits and rock bits. 

The wire-line core barrel, which is also a drill- 
ing tool, therefore, consists of four essential 
parts, the drilling-coring bit, the outer barrel, 
the removable inner barrel, and the overshot 
assembly or inner barrel removing mechanism. 

The Drilling-Coring Bit. The drilling-coring 
bit, one of which is shown in Fig. 1, cuts the 
hole to full gage and has an opening in its 
center which allows the core barrel to protrude 
ahead of the bit, or, in some designs, to seat 
within the bit. Different drilling bits are 
adaptable to different formations. In the softer 
formations an ordinary fishtail-type two-way 
bit shown in Fig. 1 is most generally used. 
As the formations get somewhat tougher the 
fishtail bit is replaced by a three-way or a 
four-way drag bit, one of which is shown in 
Fig. 2. The most efficient drag bit is the type 
that uses welded-in replaceable blades of drop- 
forged heat-treated alloy steel and dressed with 
hard abrasive inserts. In hard formations a 
roller-bearing rock bit with replaceable welded- 
in cutters, such as shown in Fig. 3, is used. 
When any of these types of bits is used for 
drilling only, that is, during a period when no 
core is desired, the center hole through the bit 
must be plugged by a specially hardened dia- 
mond-pointed center bit which occupies the 
same position as would the core barrel if the 
tool were being used for coring purposes. This 
center bit breaks up the core which would form 
inside the bit, through the center hole, with 
consequent plugging of the bit and impossi- 
bility of recovering further cores due to the 
obstruction within the bit head. 

The hard-formation roller-type drilling-cor- 
ing bit shown in Fig. 3 is interchangeable 
with the previously mentioned drag bits and Fr 

all other equipment remains the same whether Two-Way Bir 
drilling in hard or soft formations. Withinthe With INNER 
head of the drilling bit is welded a hardened CORE Barret 
slush ring which prevents the core barrel or P®OTRY DING 

center bit dropping through the drilling bit and Bir 
permits drilling mud to be circulated when 
the core barrel or center bit is in place. 

The Outer Barrel. The outer barrel consists of a drill collar 
for soft formations and a three- or six-point contact reamer for 
hard formations. The drill collar and reamer are interchange- 
able and of a certain specified length. Above the drill collar or 
reamer is the drill-collar sub which connects to the drilling string. 
This sub is furnished with any kind of upper connection desired 
in order to enable the operator to make up the rest of his string 
with certain lengths of drill collar, reamers, or stabilizer as he 
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Fic. 2 Turee-Way Bit WitH Protrupine Core BARREL AHEAD OF 
THE Bit 


Fig. Stx-Potnt Contact REAMER. AND Harp-ForMaTION DRILL- 
ING Bit Wits ProtrupinG INNER CorE BARREL 
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sees fit. The lower part of the drill-collar sub is equipped with 
an inside threaded core-barrel locking device which is known as 
the core-barrel driver, the purpose of which is to lock the core 
barrel or center bit in place and drive it. 

The Inner Barrel. The inner barrel does the actual core 
cutting. Fig. 4a shows a complete inner-barrel assembly with 
core-cutter head of one of the most popular designs now on the 
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Fic. 4 Inner Core BARRELS AND INNER-BARREL FISHING TOOLs 


[{(a) Inner core barrel. (6) Diamond-point replacement for core barrel dur- 
ing drilling operation. (c) Overshot assembly for retrieving inner core bar- 
rels. (d) Trip tube for me a assembly from the inner 

core barrels. 


market. Fig. 4b shows the same inner barrel equipped with 
diamond-point center bit for drilling the center of the hole 
when it is not desired to core. Fig. 1 shows the inner-barrel as- 
sembly locked in place within the outer barrel. The drilling 
bit illustrated is a two-way drag bit. In hard formations this 
bit together with the drill collar shown would be replaced by 
the assembly in Fig. 3, which shows an outer barrel with a six- 
point contact reamer and hard-formation drilling bit with core 
barrel in position. Some operators, even in hard formation, 
prefer the outer barrel with a drill collar rather than the 
reamer. Fig. 2 shows a drill-collar outer barrel with a three- 
blade drilling-coring bit and core barrel in position. Different 
manufacturers have adopted different standards in the size of 
the core cut. At the present time the most commonly used 
wire-line core barrels cut a core from 11/, in. to 21/, in. in diameter, 
depending on the available inside diameter of the drill pipe 
through which the inner barrel must descend. Full-hole tool 
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joints are a desirable but not indispensable auxiliary to the opera- 
tion of the wire-line core barrel. The larger diameters through 
full-hole tool joints enable the manufacturers to furnish inner 
barrels of larger diameter capable of increasing core diameter 
and thus resulting in greater core recovery. If full-hole tool 
joints are not available, it is necessary that the inside shoulder 
of the pin end of small-hole tool joints be beveled off to 15 deg 
to eliminate battering of the core barrel during its downward 
travel through the drill pipe. 

The core-barrel carrier body shown in Fig. 1, is equipped with 
a driving dog which expands under and against the core-barrel 
driver. Thus the core barrel or center bit, as the case may be, 
is locked in position and caused to rotate with the drilling bit. 
The core-barrel spring body shown in Fig. 1 is designed to 
allow the operator to regulate the load on the core-cutter head 
and permit the cutter head to retract within the drilling bit when 
it is first set on bottom, so that too much weight cannot be put 
on the core barrel. With the rotation of the pipe, the spring- 
loaded inner barrel continually cuts its core ahead of the drilling 
bit to obtain a high percentage of uncontaminated core. This 


Fig. 5 Bir ATTACHED To THB CoLLaR 
AND OUTER BARREL READY TO RUN IN THE HOLE ror DRILLING AND 
CorRING 


is of particular advantage in drilling formations that tend to 
break up by action of the drilling bit or to wash away by the slush 
motion. 

The lower part of the spring-valve assembly shown in Fig. 1 is 
equipped with a valve which permits the expulsion of the mud 
as the core enters the barrel. 

The inner barrel seats within the drilling-bit head. Experi- 
ments have been conducted with two different types of inner- 
barrel construction. In one construction, the core-cutter head 
protrudes ahead of the drilling bit to cut the core. In the other 
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type of construction, the core is cut by the inside rollers of the 
drilling -bit, the core-cutter head being eliminated. Good results 
have been obtained with both designs and it is a matter for the 
local field men to decide which type of construction will be most 
adaptable to their particular problem. 

The Overshot Assembly and Auxiliary Equipment. The overshot 
assembly or inner-barrel fishing mechanism is operated from a 
sand line and lowered inside the drill pipe after the kelly has 
been broken. The usual size of sand line is °/\5 in. or °/; in. For 
deep coring below 10,000 ft, a 3/,-in. line is suggested. 

When the overshot reaches the core barrel, the overshot dogs 
attach themselves to the spearhead at the upper end of the inner 
barrel. An upward pull on the wire line causes the driving dog 
to retract from under the driving ring, thus releasing the core 
barrel for its upward travel to the derrick floor. The overshot 
assembly consists of a socket babbitted to the line, a 5 or 10-ft 
weight and the overshot proper. The wire line is run through a 
rubber line guide which prevents the top tool joint from being 
cut by the line and supports the trip tube which is dropped if 
the core barrel should become stuck. When the trip tube is 
released it slides down the wire line over the springs of the over- 
shot head, causing the springs to expand the overshot dogs and 
release the overshot from the spearhead of the core barrel. 
Fig. 4c shows the overshot assembly with socket, weight, and 


Fic. 6 Comptere INNER Core BARREL Reavy to Be Dropprp 
Down THE DRILL 


overshot head. Fig 4d shows the trip tube supported by the 
guide plug. 
OPERATION OF WirE-Line Drituinc-Corinc EQuirMENT 


Fig. 5 shows the drilling-coring bit attached to the drill-collar 
outer barrel and special upper sub, ready to run in the hole for 
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drilling or coring purposes. The inner barrel with cutter head or 
center bit will be dropped through the drill pipe after the bit has 
reached bottom and the hole has been prepared by circulating for 
a few minutes. Fig. 6 shows the last joint of pipe gripped by the 
slips in the rotary table. The complete core barrel is picked up 
and ready to drop down through the drill pipe. Fig. 7 shows the 


Ficg.7 Inner Core Barrew BEING Droprep Down THE DRILL PIPE 


complete core barrel being dropped inside the drill pipe, with 
the kelly hanging and ready to be screwed on as soon as the inner 
barrel has reached bottom. It is not necessary to wait for the 
inner barrel to reach bottom before making up the kelly, but it 
is advisable not to start circulation with the pumps before the 
inner barrel has become locked, in order to avoid any additional 
impact from the pulsations of the drilling fluid. When the 
inner barrel has reached bottom, coring is started in the usual 
manner. No set of rules and regulations can be established 
governing the operation and the way to run a wire-line core 
barrel, just as no rules or regulations can be established in drilling 
practice. The operation of the core barrel is dependent on many 
factors, the most important of which are (1) the nature of the 
formations encountered, (2) the condition of the hole, (3) the 
physical characteristics of the drilling fluid, (4) the size of the 
hole, and (5) the size of the core being cut. In ordinary rock-bit 
drilling it seems advisable to rotate the core barrel rather slowly, 
with the table turning at 40 to 60 rpm. It also seems that the 
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Fie. 8 OversHoT ASSEMBLY BEING LOWERED THROUGH THE DRILL 
PIPE 


Fie. 9 OversHot Trip TuBEe In PLace ProTecrep BY THE LINE 
GUIDE 


best results are obtained by not running too light on the bit. 
This depends, of course, upon the size of the hole being cut. In 
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an 8 5/,;-in. hole, from four to six points of weight usually seem 
to be sufficient. If the size of the hole is increased to 11 in. or 
12'/, in., the weight will usually be increased proportionately, 
but the best results are still most generally obtained with slow 
speeds of rotation. The mathematical characteristics of the drill- 
ing fluid, pressure and volume, do not seem to greatly affect core 
recovery in hard formations. It is generally accepted that 400 
to 600 lb of mud pressure are desirable. 

After the required amount of hole is drilled for the length of 
core desired, the kelly is removed and the overshot is run on the 
wire line through the drill pipe to recover the core barrel. Fig. 
8 shows the overshot assembly being lowered through the drill 
pipe and Fig. 9 shows the trip tube in place protected by the line 


Fic. 10 INNER Core BarRREL ATTACHED TO THE OveRSHOT HEAD 
AFTER THE WHOLE ASSEMBLY Has BEEN REMOVED From THE HOLE 


Fic. 11 One Tyree or Avuxttiary REEL FoR OPERATING THE 
SMALL Wrre-LINE AND OvERSHOT ASSEMBLY IN RECOVERING THE 
INNER CorE BARREL 
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guide. Fig. 10 shows the core barrel attached to the overshot 
head after the whole assembly has been removed from the hole. 
Fig. 11 shows one type of auxiliary reel for operating the small 
wire-line and overshot assembly in recovering the core barrel. 

After the inner barrel has been removed from the drill pipe, 
another core barrel or center-bit assembly is dropped inside the 
drill pipe and the kelly is replaced. Drilling or coring is now 
resumed, as the case may be. 

Having the core barrel with its core on the derrick floor, the 
cutter head and core catcher are detached and the core removed, 
as shown in Fig. 12. 


DEVELOPMENTS IN WirE-Line Corinc oF Harp ForMATIONS 


The first experiments in adapting the wire-line core barrel 
from the proven drag-bit territory to the rock-bit country were 
conducted in California from December, 1934, through February, 
1935, on The Texas Company’s Jared Howe No. 1 in Kern 
County, San Joaquin Valley. Forty cores were cut in the ex- 
tremely tough Gould Hills shale in an 8'/,in. hole between the 
depths of 3041 ft and 4072 ft, with relatively good success. 

In August, 1935, the wire-line core barrel was introduced in 
Oklahoma at the request of the Sinclair-Prairie Oil Company. 
During the past eight months, a number of cores have been cut 
in Oklahoma with this type of core barrel on several wells in 


Fic. 12. Removat or Core From THE INNER CorE BaRREL 


widely different localities using sizes of 85/s, 11, 12, and 121/, in. 
Core recovery has approximated 50 per cent in all sorts of for- 
mations from the upper Pennsylvanian to the Arbuckle limestone. 
Excellent results have been obtained in practically all of the 
Pennsylvanian section. More research work will be necessary in 
order to obtain satisfactory cores in the Viola-Bromide series 
and the Arbuckle limestone. These formations tend to break 
up in small chunks and foul in the barrel. 

The author believes that better success can be obtained in 
hole sizes up to 11 in. rather than in larger holes because, if 
full-hole tool joints are ‘used, the same size core has been hither- 
to cut regardless of the size of the hole, from about 8 in. on up. 
The reason for this is mechanical. The relative proportional 
areas of core cut to hole cut is greater in the smaller bit than in 
the larger, providing the size of core remains the same. As this 
relative proportion increases, the chances of obtaining satisfac- 
tory cores also increases. The 12!/,-in. size has given some ex- 
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cellent results in three wells in Southern Oklahoma, but results 
obtained in smaller holes have been more generally successful. 
However, with the increased demand for 5%/i5 in. and 6°/s in. 
full-hole tool joints and 4'/; in. internal flush drill pipe, the pos- 
sibility of manufacturing larger diameter inner barrels has 
occurred. At this time successful experiments are being carried 
out with inner barrels capable of cutting larger-diameter cores. 
It is hoped that by thus increasing the diameter of the core, the 
recovery in a 12!/-in. or 11-in. hole will be as good or better than 
the recovery previously obtained with a smaller inner barrel 
in an 8°/,-in. hole. 

The solution seems to be mathematical but the problem 
consists of transposing the abstract mathematical formulas 
into mechanical realities. The question of proportional areas 
and their relation to drilling efficiency and increased core recovery 
has been the subject of considerable study. This study has 
resulted in new forms of construction. As is usual in develop- 
ment work, time and experience are teaching us many valuable 
lessons which will be incorporated in more efficient designs as 
soon as the data become available. 

Recent results obtained have rendered possible the construc- 
tion of a bit which will cut the various formations encountered 
in these areas with almost as much efficiency as a rock bit of the 
same size. The object was to design a bit which would present 
nearly all of the advantages of speed and durability of the regular 
rock bit, while allowing the operator to take cores at any time 
without removing the drill pipe from the hole. 


Discussion OF RESULTS AND TREND OF FuruRE DEVELOPMENT 


In the light of the data presented in this paper, it would seem 
that the results obtained to date are extremely satisfactory. 
Certainly much progress has been made during the past eight 
months. Quoting from a company report: “Considering all 
factors, the wire-line method of coring is operating satisfactorily 
and is a considerable improvement over the usual method of 
taking cores. Not only does it increase drilling speed and de- 
crease costs while taking cores but also, due to these factors 
and its ease of operation, it affords the geologist on the well a 
simple method of determining the lithology at any point in the 
well.” 

But the demands of the oil industry are continually becoming 
more exacting. Results which may appear gratifying today will 
have become a commonplace tomorrow. The use of full-hole 
tool joints is becoming practically universal. The deeper one 
goes in search of the oil, the larger the hole drilled. These factors 
have enabled the manufacturer to design larger, stronger, and 
more efficient equipment. It has been mentioned previously that 
experience shows the wire-line core barrel to be more efficient 
in smaller holes. It has also been the author’s experience that 
the larger the bit, the less efficient it becomes as compared to 
a rock bit of the same size. It has been noticed that in an 8°/,-in. 
hole there was very little difference between the performance of 
the regular rock bit and the performance of the wire-line rock 
core bits. When the size of the hole is increased, for instance, 
to 12'/, in., the discrepancy in performance seems to increase 
and we should be tempted to say that, at the present time, the 
regular rock bit is about 30 per cent more efficient in this larger 
size. Experiments are now being conducted in the development 
of a new rock core bit which will tend to approximate the overall 
efficiency of the larger rock bits. By increasing the efficiency of 
the bit itself and increasing the diameter of the core cut, it is 
hoped, after sufficient new experiments have been conducted, to 
furnish the operators with a combination drilling gnd coring tool 
which will approximate the combined efficiency of a regular rock 
bit and a conventional type of core barrel, without presenting 
the inherent disadvantages of the latter. 
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Development of the Air-Float Method 
of Gravity Separation 


By R. R. SULAYMAKER,! DALLAS, TEXAS 


The author gives the historical background and reviews 
the development of the air-float or pneumatic type of 
gravity separator used by the producers of such com- 
modities as seed, beans, peas, peanuts, rice, wheat, coffee, 
cork, and coal. The principle of this type of separator is 
based on the fact that when particles of approximately 
the same size but of varying densities are fed over a porous 
table through which air is being blown at a velocity such 
that the lightest particles are held at the point of suspen- 
sion, there is a tendency to stratify the mass with the 
heaviest particles nearest the table and the lightest par- 
ticles farthest above the table. When in addition, the 
table is given a motion similar to that of a grasshopper 
conveyor, the heavy stock will climb the conveyor faster 
than the light stock, thus grading the particles from 
light to heavy all along the table. 

The first machine described by the author is an electro- 
static separator which was designed to concentrate dry 
placer consisting chiefly of silica, iron oxide, and free gold. 
This first design was discarded because of low capacity, 
and a pneumatic jig was designed with an inclined con- 
veyor belt of porous material across which wooden cleats 
were fastened. A chance inspection of the Wilfley table, 
a wet-process concentrator, led inventors Sutton, Steele 
and Steele to use a flat reciprocating conveyor instead of 
the belt conveyor in their pneumatic jig. A demand for 
increased capacity of the latter design, which has con- 
stantly been improved, has led to the steadily enlarging 
field for the application of the air-float gravity separator. 


peanuts, rice, and wheat have long been familiar with the 
air-float or pneumatic type of gravity separator. The 
activities of the American Coal Cleaning Corporation using 
Sutton, Steele and Steele pneumatic coal cleaners are doubtless 
well known to the coal industry. Coffee producers in South 
America have used the machines to grade coffee beans. Pecan- 


Peer of such dry commodities as seed, beans, peas, 


1 Engineer in charge of production, Sutton, Steele and Steele, Inc., 
and Associate Professor of Mechanical Engineering, Southern Metho- 
dist University. Mem. A.S.M.E. Mr. Slaymaker received the 
degree of B.S. in mechanical engineering in 1925 from the Uni- 
versity of Nebraska, and M.S. in 1932 from Iowa State College. 
He was associated with the Dravo Contracting Company, Pitts- 
burgh, Pa., the University of Arkansas as instructor in mechanical 
engineering, and with the Jones and Laughlin Steel Corporation, 
Pittsburgh, Pa., from the time of his graduation in 1925 to Septem- 
ber, 1928. From 1928 to 1932 he was assistant professor of mechani- 
cal engineering at Southern Methodist University. He began to 
practice as a consulting engineer in 1933 which lead to his present 
position with Sutton, Steele and Steele, Inc. 

Contributed by the Process Industries Division and presented at 
the Semi-Annual Meeting of Taz AMERICAN Soctety or MECHANICAL 
EnGrneErs, held at Dallas, Texas, June 15 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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growers have learned that the gravity separator will remove 
good from bad pecans in the shell. Manufacturers of ground 
cork use the tables to remove “hard back” from good cork. 
Oil refiners have found the separator to be a means of removing 
inert particles from their fuller’s earth,? and the sugar industry 
uses it to clean bone char. But to the engineering profession 
as a whole such a device is probably unknown, and it is un- 
likely that even the users of the machine know how it came into 
being, or what is being done by a concern whose sole business is 
that of making separations. 


FUNDAMENTAL PRINCIPLE 


When particles of approximately the same size but of varying 
densities are fed over a porous table through which air is being 
blown with a velocity such that the lightest particles are held 
at the point of suspension, there is a tendency to stratify the 
mass with the heaviest particles nearest the table and the lightest 
particles farthest above the table. When the table is given a 
motion similar to that of a grasshopper conveyor, the heavy stock 
will climb the conveyor faster than the light stock thus grading 
the particles from light to heavy all along the table. Such are 
the essentials of the air-float method of gravity separation. 


Tue First ELEcTROSTATIC SEPARATOR 


The present pneumatic separator is an outgrowth of a sepa- 
rating machine which operates under an entirely different prin- 
ciple, but it is impossible to relate the development of the air- 
float separator without mentioning its predecessor. 

In 1898 Henry M. Sutton and Walter L. Steele were engaged 
in the business of manufacturing dustproof direct-current motors 
and generators. A customer, while waiting for a motor to be re- 
paired, told of a rich placer claim which he owned and was unable 
to operate because of the lack of water. The possibility of work- 
ing placer dry appealed to Messrs. Sutton and Steele, and they 
turned their attention to devising a means of making the separa- 
tion. 

Being already familiar with the effect of a statically charged 
glass rod on other nonconductors, their first attempt was the 
machine shown in Fig. 1 which was designed to separate metallic 
particles from nonmetallic particles by means of static electricity. 
A diagram of the machine is shown in Fig.2. Referring to Fig. 2, 
the ore was delivered from the feed hopper A to a rubber con- 
veyor belt B by means of a vibrating feed pan C. The vibrating 
pan was used to spread the ore evenly in a thin sheet upon the 
conveyor belt. Over the belt was a suction hood D the inlet to 
which was covered with about a quarter-mesh screen. In 
order to make an electrical conductor out of the rubber belt it 
was covered with a coat of metallic paint. The belt was then 


2A Specific Gravity Separating System for Maintenance of 
Maximum Quality Fuller’s Earth,’”’ by A. L. Shepard, Proceedings 
of the American Petroleum Industry, vol. 15, 1934, p. 120 of Sec- 
tion 3, group sessions on refining. Also: ‘‘Specific-Gravity Sepa- 
rating System for Maintaining Fuller’s Earth Quality,” by A. L. 
Shepard, The Oil and Gas Journal, vol. 33, November 15, 1934, p. 
115. 

3 ‘‘Removal of Inert Material from Bone Char,” by James M. D. 
Brown and Watson A. Bemis, Industrial and Engineering Chemistry. 
vol. 26, 1934, p. 918. 
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charged positively by means of the needle-spray electrodes E 
connected to the positive side of a Wimshurst static generator. 
These electrodes, of which there were ten, had the same effect as a 
brush. That is, the charge was transferred from the needle 
points to the metal-surfaced belt through the air by conduction, 
and the belt became charged with the same sign as the electrode. 
The wire screen at the entrance to the suction hood and the nega- 
tive side of the static generator were grounded. The speed of 
the belt was so adjusted that by the time the ore reached the hood 
it would have received a positive charge from the belt and would 
be repelled upward toward the suction hood. The machine was 
designed to concentrate dry placer, the chief constituents of which 
are silica, iron oxide (black sand) and gold. In this separation 
the metallic particles of black sand and gold were repelled first, 
but upon nearing the grounded screen they lost their positive 
charge and fe}l back by gravity to the belt. The metallic par- 
ticles would then oscillate up and down between the screen and 
the belt but were never able to get past the screen and into the 
draft of air in the suction hood. Therefore, they were deposited 


Tue First Evecrrostatic Dry CoNceN- 
TRATOR 


Fie. 1 


as concentrates in a bin at the end of the conveyor belt. Be- 
cause the silica and other nonconducting particles required more 
time both to receive and lose a charge, they would not be in- 
fluenced by the grounded screen but would pass through it, still 
carrying a positive charge, into the draft of air which would 
finally deposit them in a cyclone collector. 

When operating the machine commercially, the miner was 
required to size his placer to about that of a 20-mesh screen and 
then separate the black sand and gold from the gangue, after 
which he would pan the gold from the black sand. 

The device had a very low capacity. In addition, it de- 
veloped another defect which was not apparent to the inventors 
in the beginning. The machine made no separation whatever 
on completely dried ore. So-called naturally dry ore contains 
enough moisture to slightly coat all particles, and it is this 
film of moisture which renders a nonconductor sufficiently sus- 
ceptible to a static charge so that the time necessary to charge 
it is but little longer than the time necessary to charge a con- 
ductor. Therefore, when heated ore was run over the first static 
separator, the nonconducting particles took so long to receive 
their positive charge that they were out from under the hood 
before they were repelled by the belt. In other words the 
metallic particles vacillated up and down as before, but the 
nonmetallic particles were unable to leave the belt, and the 
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entire mass was deposited in the bin at the end of the conveyor 
while nothing went up the suction hood. It was while perfect- 
ing a revised design capable of handling completely dried ore, 
that the idea of the gravity separator occurred to the inventors. 

From this time on the development of both static and gravity 
separators progressed simultaneously. 


Tre ARIZONA Dry WASHER 


In order to have a better conception of the practical appliea- 
tion of their static machine, Sutton and Steele made a trip 
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to the placer deposits of New Mexico. ‘There they saw the 
popular concentrator of the day, the Arizona dry washer, 2 
diagram of which is shown in Fig. 3. 

In the Arizona dry washer ore was fed from a hopper and 
flowed by gravity over a porous tray on which wooden cleats were 
placed at right angles to the flow of ore. The porous tray formed 
one side of a bellows which was actuated by a handle at the rear of 
the washer. The bellows produced a series of small blasts which 
blew the ore away from the tray. Being heavier than the gangue, 
the gold and black sand would not be lifted far above the tray and 
would eventually become trapped behind the cleats while the 
gangue traveled on down the slope. At the discretion of the 
operator the machine was stopped, the tray removed, and the 
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gold panned from the black sand. The dry washer, although 
not nearly as accurate a concentrator as the electrostatic machine, 
had considerably more capacity. It was this fact which decided 
Sutton and Steele to build a pneumatic jig based on a principle 
suggested by the Arizona dry washer. 


THe Pneumatic 


About 1902, E. G. Steele, brother of W. L. Steele, joined the 
organization and these three men were responsible for the first 
pneumatic jig shown in Figs. 4 and 5. As in the electrostatic 
separator, ore was delivered to a belt B shown in Fig. 4 from 
the hopper A by means of the vibrating feed pan C. The belt 
was porous and equipped with transverse wooden cleats similar 
to the tray on the Arizona dry washer. Between the rollers 
which carried the belt, and close to its bottom surface, was placed 
a bellows which served to agitate the mass as the belt moved up 
the slope. As the material passed over the separator it was 
rendered more or less fluid by the small blasts of air from the 
bellows, and the gangue would flow down the slope while the 
gold and black sand would be retained and eventually deposited 
in the concentrate bin D. A partition was added as a refinement 
to the bellows which made it possible to separate some of the 
black sand from the gold. This partition, shown in Fig. 4 was 
placed in the bellows a few inches below the surface of the belt. 
It contained valves which served to trap air between the porous 
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deck and the partition, thus creating an air reservoir or air chest. 
Directly under the feed pan another partition was located, per- 
pendicular to the belt, which divided the air chest into two parts. 
In the smaller part were placed fixed baffles which restricted the 
area through which the air passed, thus increasing the air velocity 
enough to lift some of the black sand away from the gold. 

Finally, then, in the section of belt below the feed, the gangue 
or lighter portion of the placer was lifted from the belt, and the 
black iron oxide containing free gold was retained on the belt 
between the cleats. This was accomplished by adjusting the 
volume of air handled by the bellows. The material which 
passed under the feed pan and on to the smaller divisions of 
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Fic. 5 Top: Pneumatic J1G DIscHarGce. 
Borrom: Pneumatic JIG SHOWING BELLOWS AND CONCENTRATE BIN 


the air chest consisted almost entirely of black sand and gold. 
Here, due to the increased air velocity, part of the black sand 
was lifted from the belt and deposited farther down the slope thus 
further concentrating the gold. 

The feed regulation, the speed of the belt, and the number of 
strokes per minute made by the bellows were all linked together 
and the whole contrivance was operated by hand as can be seen 
in Fig. 5. There was, however, an arrangement for independ- 
ently varying the speed of the bellows. 

The pneumatic dry-placer jig was unquestionably a success. 
From the miner’s standpoint it had many advantages: It was 
portable, it could be operated by hand, and it could treat from 
10 to 12 tons of —'/,-in. placer dirt per hour with a resulting 
concentrate considerably richer than that produced by any previ- 
ous dry method. 


Tue WILFLEY TABLE 


So far both the pneumatic jig and the electrostatic machine 
had been used on single-value free-milling ores, and no attempt 
had been made to concentrate ores of more than one value. 
In the latter part of 19 2 a sample of lead, iron, and zine ore was 
presented to Sutton, Steele and Steele for treatment. Since the 
jig produced no middling, it was proposed to run the ore over the 
jig several times, removing one element at a time. The attempt 
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was not very successful, and it was also discovered that the 
jig was not adequate for small sizes. 

About this time H. M. Sutton and E. G. Steele had occasion 
to visit a western mine-supply house where they saw a Wilfley 
concentrator in operation. Since the action of this concentra- 
tor presented new possibilities to Messrs. Sutton and Steele for the 
improvement of their pneumatic machine, the operation of 
the Wilfley table will be described briefly. 

This concentrator, shown diagrammatically in Fig. 6, was de- 
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veloped by Arthur R. Wilfley in 1896. It consists of a flat table 
A on which are nailed riffles B terminating on a diagonal line. 
The riffles are about !/, in. high at the back of the table and 
taper off to a feather edge at the front. The table has built 
into it a longitudinal slope of about 1/3. in. per ft, making the 
front end slightly higher than the back. The transverse slope is 
adjustable, but the discharge edge C is always slightly lower 
than the feed edge. This double-slope table is reciprocated by 
means of a special head motion enclosed in the housing D and 
rests on ways so that the motion is parallel with the ground. The 
machine seems to work best at a speed of about 240 oscillations 
per min and with a */, in. stroke. 

Pulp and wash water are fed to the table through the feedbox F 
and the particles thus floated onto the table are agitated by its 
motion and soon stratified with the heavy elements on the bot- 
tom and the light elements on top. The heavy particles are 
caught behind the riffles and are carried by the motion of the 
table to the front discharge end. The light particles held in sus- 
pension by the water are assisted in their motion toward the 
lower discharge end C by means of surface water fed over the 
table from a trough EF. Views of the discharge side and rear 
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or feed side of the Wilfley concentrator are shown in Fig. 7. 


TuHE First PNEuMATIC TABLE 


The Sutton-Steele pneumatic jig would not produce a middling 
product and was not capable of treating ores of more than one 
value. The Wilfley machine, however, was capable of accom- 
plishing both. This soon decided Sutton, Steele and Steele to 
abandon the belt-type pneumatic jig and experiment with a 
reciprocating deck using air instead of water as the floating 
medium. ‘The first air table, shown in Fig. 8, was built in 1903 
and consisted of a 30 X 40-in. rectangular deck covered with 
cloth tacked to ribs spaced about 1 in. apart as shown in Fig. 9. 

Over the cloth, directly above the ribs, wooden riffles were 
nailed about '/, in. high at the back rail B and tapering down to 
zero at the ends. The riffles terminated along a diagonal line 
as did the riffles of the Wilfley table. It was decided to oscillate 
the table by means of an eccentric through a bell crank and 
connecting rod as shown in Fig. 10. The motion so produced 
was practically simple harmonic. If the table were actuated in a 
horizontal plane, there would be no tendency for the heavy 
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particles to be conveyed along the table. For this reason 
inclined springs were used to support the reciprocating deck. 
The four corners of the frame were supported on jack screws by 
which the table was given a double slope. That is, the dis- 
charge side C shown in Fig. 9, was lower than the side rail EZ, 
and the front discharge D was higher than the back rail B. 
At first a set of bellows was placed under the deck and an at- 
tempt made to synchronize the small blasts of air with the re- 
ciprocating mechanism. When this proved unsuccessful, a 
Roots blower was substituted as a means of pumping air to the 
air chest, as indicated in Fig. 10. The length of table travel was 
arbitrarily set at '/, in. and the speed at about 420 table oscilla- 
tions per min. 

Ore was then fed at the upper right-hand corner F, Fig. 9, 
from a vibrating feeder. The jack screws were adjusted so 
that the mineral was discharged along the two open sides of the 
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rectangle C and D. ‘The result was remarkable indeed, for the 
particles of different densities “zoned out’’ very clearly. Four 
different products can be seen as indicated by the zones on the 
deck shown in Fig. 8. 


First CoMMERCIAL INSTALLATION 


The first commercial machines had 5 X 12-ft decks with the 
same strokes, speed, and head motion as the experimental 
machine but it was found necessary to improve the method of 
supporting the reciprocating parts. The inclined springs shown 
in Fig. 10 were in reality fixed end beams subjected also to 
column action, and the repeated load caused them to fail at the 
points of support. Accordingly, the springs were released at the 
lower end and constructed as a knife-edge resting in a V-block 
as shown in Fig. 11. Also a centrifugal fan supplanted the Roots 
blower. 

In the fall of 1904 a two-table mill was installed for the Re- 
public Milling Company at Sierra Blanca, Texas, to work on 
lead, iron, and zine. 
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ENGLISH INSTALLATION 


In 1905 and 1906 two 5 X 12-ft tables were sold to an 
English milling company also working lead, iron, and zinc. 
With the exception of the head motion, these machines were the 
same as the ones sold to the Republic Milling Company. For 
some reason, probably to increase capacity, it was decided to 
increase the conveying effect by using a quick-return motion 
together with an adjustable stroke as a means of reciprocating 
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the table. Therefore, a mechanism consisting of a crank and 
slotted lever shown in Figs. 12 and 13 was substituted for the 
connecting rod and bell crank shown in Fig. 10. As the crank 
C, shown in 13, rotated counterclockwise from A to B, the 
table would be moved forward, and as the crank moved from B 
to A the table would be returned. The average velocity of the 
return stroke was approximately 2 per cent higher than the 
forward stroke. The length of the stroke could be increased by 
moving the slider D away from the fulcrum F and could be de- 
creased by moving it toward the fulerum. 

Another adjustment not already mentioned, but one for which 
the inventors saw a need from the very beginning, was a means 
of changing the number of strokes per minute made by the 
table. Various methods from cone pulleys to the Reeves trans- 
mission were used in some form or other on all machines in- 
cluding the experimental model. 


BLANK Decks AND AtR-CONTROLLING SrrRIPs 


While Mr. Sutton was in England installing two 5 X 12-ft 
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tables, there was an interesting occurrence which eventually 
brought about a great improvement in deck design. The 
system of ‘advancing riffles’’ was protected rather broadly in the 
Wilfley patents; and as Sutton, Steele and Steele were using 
“advancing riffles,” the manufacturers of the Wilfley concentra- 
tor suggested that the riffes might be an infringement. Subse- 
quent investigations revealed that the way in which Sutton, 
Steele and Steele used the riffles was not an infringement on the 
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Wilfley patent; but nevertheless, in order to avoid any trouble, 
it was decided upon Mr. Sutton’s return to the United States, to 
remove the riffies from the decks. As a substitute device, strips 
of heavy paper were placed between the ribs and the cloth cover 
as shown in Fig. 14. These were wider than the ribs at the back 
rail of the deck and tapered to the width of the ribs at the point 
where the riffles had previously terminated. This produced a 
series of longitudinal bands along the deck through which air did 
not pass. The result was that the heavy particles of a mass being 
fed to the deck would become trapped in the dead valleys pro- 


duced by the ribs and the air-controlling strips and form riffles 
of themselves. These heavy grains would be carried by the 
conveying action of the table to the upper or discharge end, 
and the same sort of separating effect took place as when riffles 
were used. 

For the next few years, then, all Sutton, Steele and Steele 
gravity separators were equipped with blank decks and air- 
controlling strips. Two views of the 5 X 12-ft blank-deck ma- 
chine are shown in Fig. 15. 


GRAIN AND SEED CLEANERS 


In the latter part of 1908, E. M. Christian saw the possibilities 
of the gravity separator as a seed cleaner and organized the 
Cereal Grading Company of Minneapolis, Minn. It was found 
that 5 X 12-ft separators with blank decks cleaned wheat suc- 
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cessfully at the rate of 100 bu per hr. Separations were en- 
tirely satisfactory until attempts were made to run wheat blends, 
when it was discovered that small grains of good wheat reported 
with large grains of poor wheat. Since the small dense grains 
of good wheat had about the same weight as the large less dense 
grains of poor wheat, they were equally buoyant in the cushion 
of air and of course were not separated. The solution to the 
problem was found in making the air-controlling strips out of a 
porous material (not as porous as the deck covering, however) 
and putting riffles back on the table. The effect then was a 
series of dead spaces, produced by the riffles, beside which were 
diminishing areas through which air was permitted to pass 
rather sluggishly due to the restriction of the porous strips. 
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These semidead spaces served to trap the small dense grains 
along with the large ones behind the riffles, as shown in Fig. 16, 
and thus bring out at the same place on the table both small 
and large good stock. The combination of riffles and air-retard- 
ing strips made it possible to clean stock with a wider range of 
size. This was a distinct improvement in the machine. 


SKIMMING Bars 


About a year after the opening of the Cereal Grading Com- 
pany, the table operators were troubled with wheat chaff which 
floated a few inches above the surface over the entire deck; ard if 
the volume of air to the deck were reduced so as to clean the 
chaff without completely blowing it from the table, no other 
separation would take place. Mr. Sutton was called in for 
his advice; and there in the field, almost without stopping the 
separator, he devised a very simple but effective attachment 
which later became known as the “skimming bar.” 

The “skimming bar,’’ shown in Fig. 17, consisted of a wooden 
strip A about 2 in. wide extending the entire width of the deck. 
To this at right angles was fastened another bar O which ex- 
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SECTION A-A 


EXPERIMENTAL BANKING BLocks UsED ON THE 
PNEUMATIC TABLE 


Fie. 18 


tended below A about '/, in. down into the bed of grain on the 
table. Air from the table was deflected under the bar and back 
to the rear of the table, carrying the floating chaff with it. It 
was found necessary to fill in the hypotenuse of the wooden tri- 
angle in order to prevent chaff from collecting on the top of bar A. 
By this device practically all the floating chaff was held back and 
discharged from the deck along with other worthless stock. 


THE BANKING TABLE 


So far material fed to the rectangular table has been per- 
mitted to “zone out’”’ freely across the deck, as seen in Fig. 8, 
leaving the upper corner completely bare of stock. As the 
seed and grain trade developed, the demand for conservation of 
table space and increased capacity grew, which led to a study 
of a means of clearing the table quickly after a separation was 
made. It was well known by this time that the greater the 
difference between the specific gravity of the particles being 
separated the more rapid the separation. Also it was known 
that the dense particles would collect against a bank or obstruc- 
tion placed at right angles to the line of flow. In the very first 
table, shown in Fig. 8, a bank was placed at the feed, but at that 
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time it was used simply for the purpose of confining the feed 
and preventing it from racing directly across the deck. The 
front view of the separator in Fig. 15 shows banking blocks at 
the feed of a 5 X 12-ft table. By observing the effect of these 
banks on simple two-part separations (that is, heavy particles 
from light particles with no intermediate weights), it was found 
that a well-defined separation took place immediately at the 
feed within the area formed by the side rails and the first bank. 
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Fie. 19 THe 60 54-In. Banxine Deck 


(Particles are shown on the deck only where the separation is well defined. 
Actually the decks are completely loaded with material.) 
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Fie. 20 Tue Myers-Tyee Banxinec Deck 


(Particles are shown on the deck only where the separation is well defined. 
Actually the decks are completely loaded with material.) 


For experimental purposes, therefore, perpendicular banks were 
placed all the way down the rectangular table in a manner shown 
in Fig. 18. The action of the bank is shown in section A-A. The 
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dense material forced against the block by the conveying action 
of the table would pile up on the bank, and the light stock auto- 
matically would be crowded back. These obstructions en- 
hanced a simple two-part separation, concentrating the heavy 
elements along the banks as shown in Fig. 18, but interfered 
with a three- or four-part separation so that it was still necessary 
to build a table free of a long line of banks. Since the banking 
blocks rendered the upper corner of the table entirely useless, 
the next step was obviously the removal of the upper corner thus 
making a trapezoidal deck as shown in Fig. 19. This deck, 
measuring 60 X 54 in., became known as the banking table, 
and the 5 X 12-ft deck became known as the zoning table. 
Along the diagonal banking side of the 60 Xx 54-in. deck, ad- 
justable gates were provided through which the heavy material 
could be cut. 


Tue Myers-Tyre Deck 
The 5 X 12-ft zoning table and the 60 X 54-in. banking 
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riffle could be lowered, thus widening and thinning the band of 
heavy material along the banking gates D. In this way it was 
much easier to cut out the heavy material. Conversely, if the 
stock contained more heavy material than light material, the 
tailings riffle could be raised. 

A few changes were made in the undercarriage of the Myers- 
type machines, such as including in it the fan, speed change, 
and reciprocating mechanism. Also the crank-and-slotted-lever 
head motion shown in Fig. 13 was abandoned in favor of a pair of 
eccentrics. 


TABLES‘ 


Again in control of their organization in 1919, Sutton, Steele 
and Steele designed tables to clean coal. At first the 60 x 
54-in. banking table was used with a perforated metal covering 


Fie. 22. Tue SJ 60 84-IN. SEPARATOR 


Fig. 23 Lert: Tue Y-Typer Coat SEPARATOR. 
Y-Type Deck Loapep 
(On the loaded deck the light material is slate while the dark material is coal.) 


table prevailed with no change in design until about 1916. At 
that time the business was controlled by W. S. Myers who was 
chiefly interested in producing separators for seed, beans, and 
peas; and at his suggestion the design of the banking table was 
carried to a still greater extreme. The shape of his deck is 
shown in Fig. 20. The deck slope adjustments were the same 
as in previous designs, that is, the feed corner A was higher 
than the corner B and the surface slope increased in the direc- 
tion of the line of thrust from A to E. With a deck of this 
shape, the products could be removed almost immediately 
after a separation was effected. Light stock would report along 
the tailings riffle C, and heavy stock could be cut from any of the 
gates along the line D. The height of the tailings riffle C was 
wisely made adjustable. When the stock being cleaned con- 
tained more light particles than heavy particles, the tailings 
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and metal riffles. These machines were capable of working only 
about 6 to 8 tons of '/:-in. coal particles per hr, this low capacity 
being due partly to the shape of the table and partly to a very 
limited air supply. A study of the coal separation on the 60 
X 54in. table showed that little additional separation took place 
as the light stock progressed down the slope from X to Y, shown 
in Fig. 19. Therefore, it was decided to cut a triangular section 
from the lower corner of the deck making the odd shaped 60 X 
84-in. table shown diagrammatically in Fig. 21. A complete coal 
separator (opposite hand of Fig. 21) is shown in Fig. 22. Al- 
though the adjustable tailings rifle shown in Fig. 21 served the 


4“The Sutton, Steele and Steele Process for Cleaning Dry Coal 
With Some Remarks on Pneumatic Separators,’’ by Kenelm C. 
Appleyard, Transactions of the Institute of Mining Engineers, vol. 
73, 1926-1927, pp. 404-440. 
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same purpose as the tailings riffie on the Myers machine, its 
name was really a misnomer, for it was not on the tailings end 
of the deck. In the case of a coal separation, the light element 
(coal) is the valuable one and the heavy material (slate) is the 
refuse. This, of course, was the reverse of any previous sepa- 
rating problem, and it was over the so-called tailings riffle that 
good coal was discharged from the deck. Skimming bars were 
placed along the banking rails to blow any slack coal out of 
the slate into the middlings, thus producing a coal-free slate. 
These coal tables could handle 1'/.- to 2-in. coal at a rate of 
about 15 to 20 tons per hr. 

The American Coal Cleaning Corporation was organized in 
1922 for the purpose of promoting the sale of Sutton, Steele and 
Steele coal separators; and it soon took over the manufacture of 
all coal-cleaning machinery, developing it independent of Sutton, 
Steele and Steele, Inc. Just before the coal business was turned 
over to the American Coal Cleaning Corporation, however, 
Sutton, Steele and Steele, Inc., produced the very efficient, 
high-capacity table shown in Fig. 23. This has become known as 
the Y-type deck. The Y-type deck was of high capacity be- 
cause it was in reality two decks, with tapered discharge sides, 
placed back to back. It was more efficient because of the 
extra cleaning surface, produced by the arms at the end of the 
deck, which in a sense amounted to rerunning the middling 
product. The only objectionable feature was that the side 
slopes were not adjustable since they were built into the deck. 


Fic. 24 Moprern Deck ror CLEANING BEANS AND Pgas 


In the view of the Y-type deck loaded with coal in Fig. 23, the 
light material along the center of the deck and along the inside 
rails of the arms of the Y is slate; the rest is coal. 


THe Dup_ex AREA AND Rock CHANNEL 


Demands of the seed houses for cleaner beans and peas with- 
out the necessity of rerunning the middlings led to the develop- 
ment. in 1928 of a deck with a secondary cleaning area. Light 
stock discharging over the first diagonal tailings riffe, shown as A 
in Fig. 24, has a second opportunity to be cleaned on the smaller 
area B, which is at a lower elevation than the main surface. This 
secondary surface, termed “duplex area,” is also bounded by an 
adjustable tailings riffle C, the proper regulation of which brings 
good heavy stock off the deck at D where the two diagonal riffles 
seem to join. The stock which spills over the second tailings 
riffle is practically worthless. 

Close to the diagonal banking rail is a trough Z, known as a rock 
channel. Small rocks, a common contamination in beans, 


will by virtue of their excess weight be brought against the 
banking rail along with good beans. The rocks sinking to the 
bottom of the channel are permitted to pass under the vertical 
slide gate G, which may be adjusted so as to hold back some of 
the good beans floating on top of the rocks. All the rocks in 
the original stock fed to the table at F will report to the rock 
channel, but it is impossible to adjust the gate G so that nothing 
but rocks pass under it. A mixture of rocks and beans is there- 
fore discharged from G. 

The Rock Pocket. In order to make a final and complete 
separation of rocks from beans an attachment termed a “rock 
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Fie. 25 Rocx-Pocket ATTACHMENT FOR THE DupLex Deck 


Fie. 26 Rock Pocker ATTACHED To A GRAVITY SEPARATOR 


pocket” was developed in 1929. Two sections of it are shown in 
Fig. 25, and it is shown in place on a machine in Fig. 26. As can 
be seen in Fig. 26 the pocket receives air at the bottom from the 
main fan and has the same reciprocating motion as the table. 
It has a porous bottom, as seen in Fig. 25, similar to the sepa- 
rator deck, but the surface is smooth with no riffles, and the 
proper end slope is built into it. Air vanes serve to distribute 
the air properly underneath the porous surface, and the amount 
of air to the pocket can be adjusted to render the material being 
separated more or less fluid. The rock particles then settle to 
the bottom and are conveyed up the slope to a gate which can be 
lowered so that only rocks pass beneath it. Opposite the feed C 
is the bean-discharge chute A, which can be raised so that nothing 
but beans can spill over it. When properly adjusted, it is pos- 
sible to feed to the pocket at C, Fig. 25, stock being discharged 
from the gate G, shown in Fig. 24 and secure a product free of 
rocks shown at A in Fig. 25, while bean-free rocks are discharged 
at B. 
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BLow1nG Bars 

About this time blowing bars took the place of the old skim- 
ming bars as a means of holding back chaff and extremely light 
floating material. The skimming bar, shown in Fig. 17, simply 
deflected the air from the table and used it as a means of blowing 
back the chaff; but as new applications for the table developed, 
it became apparent that a more positive means of confining the 
chaff was necessary. A diagram of the blowing bar as it is to- 
day is shown in Fig. 27 and a modern peanut-cleaning deck with 
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Fic. 27. DiaGram or « Mopern Bar 


Fig. 29. Lerr: Ferep Sipe or Type-L Separator. Dts- 
CHARGE oF Type-L SEPARATOR 


bars in place is shown in Fig. 28. Referring to Fig. 27, air is sup- 
plied to the bar from the air chest and enters through the elbow 
in which is placed a butterfly valve to control the volume. An 
adjustable baffle serves to direct the air so that it will be dis- 
charged from the slot outlet with a maximum velocity at A and a 
minimum at B or vice versa as the operator desires. Usually 
the separation is such that a maximum velocity is required near 
the feed A and a minimum at B where the products leave the 
table. A skimming lip (the original design) utilizing the air from 
the deck assists in preventing light material from passing be- 
neath the bar, while a metal guard prevents its blowing over the 
top. 


MoperN Arr-FLOAT SEPARATORS 


A machine for laboratory purposes and small commercial 
installations is shown in Fig. 29 and a cross section of it in Fig. 30. 
Referring to Fig. 30, air is delivered from the fan F to the air chest 
A where it is diffused by two sets of baffles. The lower set B 
absorbs the impact from the fan and the upper set (, directly 
underneath the deck surface, governs the supply of air to various 


Fic. 30) DrtaGram or Separator 


Fig. 31 Mope.t-HD Separator Mipputnes Return 
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parts of the porous deck. The baffles are usually adjusted to 
admit the most air where the bed of material on the deck is the 
heaviest. The volume of air delivered by the fan is controlled 
by a gate in the fan suction which can be seen on the feed side 
of the separator shown in Fig. 29. 

Referring again to Fig. 30, two inclined plates D about !/, in. 
thick and 4 in. wide rest in seats F of 1'/.-in. angles. The deck 
is permitted to rock freely back and forth on these supports and 
is held in equilibrium by the helical springs G without the assist- 
ance of the connecting rods H. In this way the eccentrics J 
and connecting rods H are called upon to carry only the load 
produced by oscillating the chest and deck. The deck motion 
is practically simple harmonic and in a plane perpendicular to the 
inclined supports. Although the eecentric shaft is driven by a 


Fic. 33° INSTALLATION OF CLAY SEPARATOR IN THE PLANT OF THE 
REFINING ComMpPANY, Port ARTHUR, TEXAS 


variable-speed belt, shown on the discharge side of the separator 
in Fig. 29, thus making the machine more flexible, it is not ab- 
solutely necessary if the separator is to work but one fixed 
material. In this instance the eccentric-shaft speed can be set 
at the factory to fit the commodity being cleaned. The hand- 
wheel K, shown in Fig. 30, adjusts the end slope of the deck and 
the handwheel L adjusts the side slope. 

Fig. 31 shows a model-HD machine for cleaning beans and peas. 
This separator is equipped with a screw conveyor and bucket 
elevator to automatically return the middling product to the 
table for recleaning. Uncleaned stock is placed in the hopper 
where it is carried by the elevator to the feed corner of the deck. 
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Fic. 34. Deck oF THE SEPARATOR SHOWN IN Fia. 33 


Worthless stock is discharged from the two spouts at the left and 
good stock from the spouts at the right. A mixture of good: and 
bad material is discharged from the center spout through the 
canvas boot into the return conveyor. At the end of the helicoid 
the middlings are mixed with fresh feed and elevated to the deck 
for retreatment. 

A fuller’s-earth separator is shown in Fig. 32. Because of the 
dusty nature of the product a suction hood is placed over the 
feed end of the table and the dust arrested by a common type of 
cyclone collector. An installation of this type machine in the 
plant of the Gulf Refining Company at Port Arthur, Texas, is 
shown in Figs. 33 and 34. 

The air-float separator with its special decks and attachments 
is far removed from the original pneumatic jig. Many applica- 
tions have been found which were entirely undreamed of at the 
time of the first commercial installation. The laboratory con- 
ducted by Sutton, Steele and Steele, Inc., is constantly opening 
new fields and developing new apparatus which will further 
widen the scope of dry separating equipment. 
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Equipment and Problems in Handling Oil 


as a Locomotive Fuel 


By GUY M. BEAN,! LOS ANGELES, CALIF. 


The author discusses the principles of designing equip- 
ment for burning oil in locomotive fireboxes. He reviews 
methods used in handling and storing oil in service sta- 
tions as well as methods used in handling and firing the 
oil on the locomotive. In connection with the latter the 
author discusses the use of equipment for, and the prob- 
lems involved in, (@) fuel-oil heating, (0) atomization, 
(c) firepan and furnace arrangements, and (d) oil piping 
and regulation of oil flow to the burners. 


years to applications which first were made successfully 

on the Grazi Tsaritzan Railway of Russia where some 140 
locomotives were operating with this fuel in 1886. Shortly 
thereafter experiments on American railroads indicated its ad- 
vantages, especially where coal was not available at reasonable 
cost. Subsequent developments have proved that nature pro- 
vided bountiful quantities of oil in areas where coal was either 
absent or of such quality as to be largely unsuitable as a loco- 
motive fuel. 

In California first, and later in Texas and Oklahoma, oil has 
been produced in vast quantities and by 1898 its use in locomotive 
and other types of furnaces had progressed so extensively that it 
became an important factor in the generation of power of all 
kinds. Today there are over 7000 locomotives in all classes of 
service using this fuel in the United States. These locomotives 
are distributed over about fifty railroads in both industrial and 
transportation service. However, 70 per cent of this number can 
be accounted for on ten of the larger western and southwestern 
railroads. 

The railroads operating through the large oil-producing areas 
have adhered rather consistently to this type of fuel. However, 
where coal is also available there have been periods of change-over 
from one fuel to the other in attempts to control costs, or because 
of the necessity for transfer of power from one area to another as 
requirements dictated. The necessity for these changes, to- 
gether with the fact that a very high percentage of the total 
locomotive power of the country burns coal, has not led to any 
radical development in locomotive-equipment design whereby it 
would be particularly suited to the use of oil as fuel. Therefore, 
the art of using fuel oil in locomotives has been largely one of 


se USE of oil as fuel for locomotives dates back about fifty 
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adaptation rather than basic in design, and the progress has been 
that of evolutionary development rather than the result of 
efficiency studies. When compared with oil-burning equipment 
in other power fields, the limitations which have controlled much 
of the design of oil-burning equipment for locomotives have left 
considerable to be desired in overall efficiency of the locomotive 
using this fuel, and yet comparison with locomotives burning coal 
indicates very favorable performance. These considerations 
have led to the general adoption of arrangements and equipment 
predicated on simplicity of application, ease of operation, and 
comparative freedom from maintenance difficulties. 

Until relatively recent years, fuel complications did not offer 
serious problems. At the inception of the use of oil as fuel, large 
quantities of crude oil were available primarily because the indus- 
try had not developed by-products or a market for them, which 
materially affected the supply. However, it was not many 
years until improved distillation methods produced products of 
such commercial value that they absorbed the crude supply and 
the fuel market was forced to accept certain types of residuums. 
The continued development of refining processes has resulted in 
forcing many railroads to use residuums of sufficiently high vis- 
cosities to bring about problems not met with in the handling of 
less viscous fuels. Although, in many cases, present locomotive 
equipment can be operated more or less satisfactorily it is not 
adequate to function efficiently under all conditions, particularly 
in heavy main-line service. 

Parallel with these fuel changes, locomotive capacities have 
increased constantly, with the result that excessively high firing 
rates are frequently encountered. It is not unusual to find rates 
of 10 gpm of oil burned for sustained periods, and rates of 12 to 
14 gpm for lesser periods. During these operating conditions the 
capacities of heaters are frequently inadequate, the burners 
cannot function efficiently, and various troubles ensue. Carbon 
deposits accumulate on the brickwork and evidence of improper 
combustion appears in the form of black smoke and poor steam- 
ing. 

In general, locomotive fuel-handling equipment and furnace 
arrangements are similar on all railroads, the variations being 
controlled largely by the limitations imposed by the particular 
type of locomotive and by the individual opinions of those in 
charge. A typical general layout is shown in Fig. 1, variations 
from this design consisting largely of type of heater used in the 
tank, style of firepan construction, draft-admission arrangement, 
and type of burner used. 

Inasmuch as final results in the use of this fuel are interde- 
pendent upon three principal design features, consideration will 
be given to them in the following order: (1) Fuel-oil heating and 
its equipment, (2) atomization and burner design, and (3) fire- 
pan and furnace arrangements. 


Fuet-O1 Heatine AND Its EQuIPMENT 


Heating of fuel oil is separated properly into two distinct 
phases. The first phase is preliminary heating by station equip- 
ment for delivery to the locomotive reservoir at temperatures 
required by loading rates and other governing factors. The 
second phase is secondary heating by the locomotive equipment 
to temperatures which provide proper burning viscosities. 
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Fic. 1 Typicat INSTALLATION OF OIL-BURNING EQUIPMENT FOR LOCOMOTIVES 


Until recent years and the advent of the heavier fuel oils, the 
heating problem was considered from the standpoint of flowing 
viscosities and, while this viewpoint is still prevalent, there is an 
increasing appreciation of the importance of securing and main- 
taining proper temperatures for more efficient burning. 

It is important to have a clear understanding of the require- 
ments to be met in both heating phases. However, since the 
final burning temperature is the most important, consideration 
of locomotive heating equipment will be given precedence. 
Preliminary, or station heating, will be discussed later. 

Locomotive Fuel-Heating Equipment. Heating methods on the 
locomotive are divided into two distinct systems. First, the 
direct system wherein steam is jetted directly into the oil in the 
locomotive reservoir; second, wherein indirect heating is ob- 
tained by means of such equipment as submerged steam coils, 
drums, and pipe bundles. These two systems, or a combination 
of both, are in use throughout this country. The question as 
to which is the more suitable is largely a matter of individual 
opinion and is based mainly on the results obtained with the 
character of fuel oil available. 

At the outset it can be stated that where the heavier or more 
viscous oils are used, the indirect heater is essential because 
efficient burning temperatures cannot be obtained with the wet- 
oil emulsions which result from the admixture of condensate in 
direct steam-jet heating. The only primary advantages in the 
use of direct heating are simplicity of design and installation and 
the resultant agitation obtained by the jet action on the oil body. 
These are greatly outbalanced by hidden losses in final efficiency. 
Experience, in both laboratory and practice, is sufficient to sup- 
port this contention. The very fact that specifications for fuel 
oils by all railroads set definite low water-content limits should 
point to the undesirability of spoiling these oils by water admix- 
ture in the locomotive tank. 

Further to illustrate this contention in regard to the difficulty 
in efficiently heating wet oils we shall select a typical fuel oil of 


Temperature, deg C 
50 7 


60 70 go 


<< 
150 Seconds Furo/ 
| 
~ | 
} 
100 
4— 
° | | } 
> | Burning Viscosity, 40sec Furo 


fa 
| 
| 


| 


| 

70 60 90 100 110 120 \ 130 140 


Temperature, deg F 


Fic. 2. BurninG TEMPERATURES OF OILS OF VARIOUS VISCOSITIES 


medium viscosity, an oil of 130 Ssf (Saybolt furol viscosity) 
at 122 F. By referring to Fig. 2, which is a logarithmic graph 
showing the viscosity-temperature characteristics of various fuel 
oils, it will be noted that where the line at 40 Ssf crosses the 
diagonal lines of oils of various viscosities the proper burning 
temperatures for these respective oils are indicated. Fig. 2 was 
drawn from data obtained from some 3500 tests. From it we 
find that the proper burning temperature for the selected oil is 
159 F for a dry oil. It will also be noted by referring to Fig. 3, 
which shows the effect of water emulsion on oil viscosity, that an 
addition of but 4 per cent water will increase the viscosity of the 
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selected oil to 144 Ssf at 122 F with the resultant requirement 
of a burning temperature of 163 F. The viscosity of fuel oil 
rises rapidly as the percentage of water emulsion increases. 

Aside from the increased viscosity due to water emulsion and 
the consequent increase in temperature required for proper 
burning viscosities, the presence of water adds to the difficulties 
of control of heating because the water in suspension in the oil 
vaporizes at temperatures lower than the normal boiling point of 
water in the open. This vapor or steam causes a foamy condition 
to result at temperatures within a very close range of the 
proper burning temperature. This makes for difficult control, and 
engine crews, knowing that such disturbances occur, operate the 
equipment in a way which results in the maintenance of tempera- 
tures well below those which give the best efficiency. Crews 
refer to this steaming or vaporization as overheating, while in 
reality the oil could have been heated to a much higher tempera- 
ture without causing this disturbance if it were not for the 
presence of water emulsion. 

The presence of 5 or 6 per cent water may lower the upper limit 
of firing temperature as much as 30 F and in extreme cases 
produce foaming at temperatures much below that required for 
good atomization. Dry oil would have a much higher range of 
heating over that of the efficient burning viscosity without danger 
of vaporization. In oils of higher viscosity this trouble is aggra- 
vated because of the increased temperatures required and the 
absence of means for determining these temperatures accurately 
by the locomotive crews. 

It is likely that there are but few connected with the use of fuel 
oil on locomotives who have a true understanding of the truth of 
the statement that water in oil vaporizes at temperatures below 
normal boiling point. This, however, is a fact and the principle 
is used in refinery practice where it is known as “steam distilla- 
tion.” A brief analysis of this principle may be of interest. 

In a mixture of gases, according to Dalton’s law, each gas 
exerts a pressure equal to the pressure it would exert if it occupied 
the entire volume by itself and the total pressure of a mixture is 
equal to the sum of the partial pressures of the component gases. 
The pressure exerted by each component is called the partial 
pressure of the component and is dependent on the total pressure 
and the volume or number of molecules of that component in the 
gas. 

In the gas phase, if x is the total pressure and y is the volume or 
molecular fraction of an individual component in the mixture, the 
law of partial pressures may be expressed by the equation 


p = partial pressure in vapor = ry, or (p/w) = 


Just as each component of a vapor exerts a partial pressure, 
each component of a liquid exerts a partial vapor pressure. This 
is dependent upon the concentration of the component in the 
liquid and the vapor pressure of the pure component. The 
escaping tendency of a component seems to depend upon the 
surface area (molecular fraction) covered by the component and 
the molecular energy (vapor pressure) of the pure component. 
If P is the vapor pressure of the pure component at a given 
temperature and z is the molecular fraction of this component in 
the liquid, then 


p = partial vapor pressure in liquid = Px 


Expressed as a fraction of the total pressure 


At equilibrium the partial pressure of a component in the gas 
is equal to the partial vapor pressure of the component in the 
liquid and inasmuch as p/x equals y, the molecular fraction of 
the gas, according to Raoult’s law, is 
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In petroleum distillation, steam is used in accordance with the 
foregoing to reduce partial pressures in the vapor, and the fact 
that steam vaporizes at lower pressures than normal boiling 
should definitely indicate its disadvantage as a direct heating 
medium for fuel oils. 
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(This chart is based on a laboratory study of a California residuum and 
railroad fuel which has a viscosity between 115 and 130 Ssf at 122 F. 
Emulsification was produced solely by blowing live steam into the oil.) 


In Fig. 1 is shown a typical indirect heater that is in common 
use on several railroads. This device has proved generally 
satisfactory with oils of the lower viscosity ranges but with the 
advent of the more viscous fuels it is usually found to lack ca- 
pacity. Increased firing rates have also indicated its lack of 
capacity to properly heat oils in the medium-viscosity classes, 
especially where weather conditions are severe and low tempera- 
tures maintain. It also has the disadvatage of being difficult to 
clean where sludge accumulates on its surfaces, which results 
from the use of some grades of fuel oils. As usually applied, it 
tends to heat the entire contents of the tank higher than would 
be necessary if separate-compartment heating were provided. 
A few attempts at separate-compartment heating have been tried 
with sufficient success to warrant extension of the practice if the 
present system of attempting to provide burning temperatures 
by submerging the heaters in the locomotive oil reservoir is to be 
continued. The heating of the entire content of the tank to 
temperatures beyond those necessary to create circulation, results 
in considerable loss through radiation and, of course, the hottest 
oil is at all times at the top of the tank. The difficulty of satis- 
factorily insulating locomotive oil tanks has resulted in little 
being done along that line. 

Many tank heaters consist merely of a series of pipe coils 
spread over the bottom of the tank; others consist of pipe bundles 
of various designs, all of which have the faults outlined previ- 
ously, together with that of being somewhat difficult to keep free 
from steam leaks and the resultant troubles. 

Sludge accumulations on heater surfaces and tank bottoms are 
usually due to gravity settlement when the viscosity of the oil is 
sufficiently reduced by heating. These accumulations are gener- 
ally made up of asphaltic residue, free carbon, moisture, and 
inorganic materials. The deposits are not the result of baking, 
since the temperature range in locomotive heating is not suffi- 
ciently high to cause this result. The deposits are soft sludges 


and the presence of moisture indicates they are not formed by 
baking. These sludges reduce the heater capacities materially. 
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Freedom from sludge-accumulation problems is partly re- 
sponsible for some of the favoritism shown to the direct steam- 
jet heating system, but its use aggravates other problems such as 
outlined previously and undoubtedly brings about unnoticed 
losses in final fuel efficiencies. 

Many railroads use an auxiliary heater on the locomotive side, 
commonly called a superheater, which merely consists of a steam 
jacket around a portion of the oil line to the burner. This is of 
rather doubtful value in overall results since it is more of an 
emergency device and its general use rather unreliable. Other 
means of properly heating the oil, together with efficiently insu- 
lated oil lines, will give better final results. 

Fig. 4 shows a type of heater of more recent design. It is 
provided with a drum through which pipes are inserted longi- 
tudinally. The oil is so directed that it flows through a casing 
box around the drum, then forward through the tubes, and finally 
to the outlet in the base of the header. Steam fills the drum and 
surrounds the tubes. In this manner the oil for the burner supply 
is heated much higher than that of the surrounding tank volume. 
This arrangement is provided with a vent to the interior top of 
the tank to allow for the escape of steam and oil vapors which 
would otherwise interrupt the flow to the burner. This type 
of heater has distinct advantages over its predecessors but it still 
has the disadvantage of being inaccessible for cleaning, and some 
oils tend to foul up the heating surfaces. 

There are temperatures beyond which fuel oils should not be 
heated, these varying with different types of fuels. Heavy oils 
containing high percentages of combined carbon are subject to 
polymerization at temperatures from 200 F to 300 F. Finely 
divided carbon and sludge may be separated with temperature 
increase, the amount depending on the nature of the oil. The 
tendency is greater with cracked than with straight-run fuels. 

A maximum temperature of 180 F is conservative. The 
amount of deposit to be expected between 180 and 200 F is slight 
and unimportant with present types of locomotive burners which 
all have large-area oil ports. 

Few heaters in common use today have sufficient capacity to 
provide for adequate heating under all of the varying operating 
conditions existing on most railroads. The whole problem is 
one which deserves detailed study toward the end of developing 
a heating system which will meet more adequately the existing 
requirements. 


There is ample evidence from actual road tests to indicate the 
lack of capacity of present heaters and their other inefficiencies 
and troubles. One of the prime faults with all present heating 
systems lies in the absence of provision for indicating tempera- 
tures obtained, whereby the locomotive crews may be guided 
properly instead of having to depend on their individual judgment 
which varies greatly. Distant reading thermometers would aid 
materially, and semiautomatic control may be a possibility. The 
whole subject requires systematic development along the lines of 
capacity, convenience of arrangement, regulation, and final over- 
all efficiency. 

The author believes that the solution lies in the development of 
a heater of the drum-and-header type for the tank, which can be 
so arranged that it can be removed for periodic cleaning without 
the necessity for steaming out the tank. This heater should 
have ample capacity to maintain proper flowing viscosity. A 
mechanically agitated heater should be added as an auxiliary and 
located on the locomotive proper, where convenient temperature- 
indicating and control devices could be provided. With ample 
pipe-line capacity from the tank to the locomotive heater and 
sufficient heating ability provided in the locomotive heater to 
raise the temperature from that of the tank to the burning tem- 
perature, a fair control of the burning temperature could be main- 
tained at all firing rates. 

Service Stations. Throughout the foregoing discussion atten- 
tion has been called to the necessity for fuel oils to be in condition 
to provide for proper heater handling. It would avail little to 
provide the most efficient heating equipment possible on the 
locomotive unless the fuel is delivered to the locomotive in proper 
condition for correct handling. 

Terminal and line-station service could be discussed almost 
endlessly. However, only the more important features of this 
handling will be dealt with here. 

A survey of most station equipment indicates considerable to 
be desired in the way of properly handling the fuel from refineries 
to the locomotive. This is an important series of operations, 
involving tank cars, unloading facilities, storage and delivery 
equipment. Throughout these operations are the problems of 
proper heating, radiation and leakage losses, and loading rates. 
These problems vary with climatic conditions, volume of fuel 
demand, and type of fuel involved. 

Of prime importance in this setup is the heating factor, since 
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this largely affects the degree of success with which the fuel is 
handled and finally burned on the locomotive. 

Tank cars should be equipped with sufficient areas of heating 
coils to provide reasonable unloading rates without resorting to 
direct steaming. Storage reservoirs should be so designed that 
the fuel will not become contaminated with water through roof 
leakage. They should be located where possible so as to take 
advantage of gravity flow to the pumping unit which handles the 
fuel to the delivery tanks. Pipe lines should be as short and 
direct as possible and free from unnecessary bends. Pipe lines 
should be well insulated to prevent radiation losses. 

Delivery tanks should be located as close to oil cranes as con- 
venient, and of sufficient elevation to provide proper loading 
rates. They should be well insulated and properly painted to 
avoid radiation losses. 

Oil-station design and arrangement usually involve individual 
planning to suit the requirements peculiar to a particular loca- 
tion. 

Terminal stations should be equipped to heat adequately the 
oil to temperatures that will provide ample loading rates, these 
being somewhat dependent on the variations between inbound 
and outbound fueling. Inbound loading temperatures should 
be consistently low to avoid radiation losses while in terminal. 
Outbound loading temperatures should be at or near burning 
temperatures, especially where locomotive heaters are inadequate 
to attain quickly these temperatures. 

Line stations should be equipped to fuel at rapid loading rates 
and at temperatures at or near burning temperatures. 

The whole station subject deserves considerable attention ow- 
ing to the importance of avoiding losses through such items as 
improper heating arrangements and faulty insulation of lines and 
tanks. Not infrequently the responsibility for design, super- 
vision, maintenance, and operation of this service falls under 
several separate departments with the result that it fails to re- 
ceive the attention it deserves. 

It is of utmost importance that fuel-handling stations be so 
designed, equipped, maintained, and operated that the fuel is 
delivered to the locomotive at proper temperatures and in condi- 
tion for efficient handling by the locomotive equipment. 

A general layout for a well-arranged fuel-handling station is 
shown in Fig. 5. 


ATOMIZATION AND BURNER DESIGN 


There are governing factors in the adaptation of fuel oil to the 
locomotive which seem to preclude the possibility of attaining 
the high efficiencies reached in other types of power-generation 
furnaces. In the locomotive furnace we are somewhat limited 
in the ratio of furnace volume to power output. We do not have 
a high percentage of exposed refractory surface from which heat 
is radiated back to the gases to assist in hastening combustion. 
We are confronted with relatively large proportionate areas of 
exposed heat-absorbing surfaces, and consequently furnace tem- 
peratures are not high when compared with those of other types 
of boilers. Gas-travel rates in locomotive boilers are very high 
and the time limits for all combustion processes are very brief. 
Frequent and wide-range adjustments of firing rates necessitate 
control which is flexible, and inaccessibility of burner location 
demands a device which is reliable although of relatively low 
efficiency. 

Throughout the history of oil-firing practice on locomotives, ie pat 
the steam-jet external-mixing burner has been used almost ey 
exclusively. Two distinct types of internal-mixing steam-jet 
burners were used for varying periods but finally abandoned. 
Mechanical and pressure types have been experimented with to a 
minor extent but the peculiar complications met with seemed to 
preclude their use. However, the continued changes in fuels 
may bring about the necessity for further experimentation along 
that line, for it is well proved in stationary and marine service 
that the mechanical and pressure types of burners offer efficiencies 
not attainable with the gravity-feed steam-jet type used on 
locomotives. 

Knowing the restrictions imposed by the locomotive furnace 
and the variables incident to its operation, it may be of value to 
analyze rather definitely the mechanics of vaporization of fuel 
oils to the end that we may realize the importance of the device 
which performs this function. 

Following our knowledge of the chemistry and mechanics of 
combustion, the prime requisite for the burning of a liquid fuel is a 
the exposure of the fuel to the heat of the furnace in such a form = 
that it presents the largest possible surface to the impact of the . 
atoms of oxygen. From the principles of capillary action, it is 
possible to establish a standard by which to judge the efficiency 
of the various methods of atomization. aoa 
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Oil in bulk has little exposed surface, but when broken into fine 
spray or drops, the total surface is the aggregate of that of all of 
the drops. The smaller the drops the more perfect the spheres. 
Thus, drops of oil of 0.0001 in. diameter are known to assume a 
spherical form of extreme rigidity. The work of atomization of 
oil is that of stretching the surface. 

Oil with a density of 0.92 has a bulk of 30 cu in. per lb and when 
broken into spherical drops the surface of a pound of oil is (180/d) 
sq in., where d is the diameter of the drops in fraction of an inch. 
The work of stretching the surface of the oil is 0.0000151 ft-lb per 
sq in. From these facts we can compute the work done against 
surface tension in forming spray. This work is 0.00272/d ft-lb 
per lb of oil. Thus for drops 0.0001 in. in diameter the work is 
27.2 ft-lb per lb of oil. There is no known method whereby, even 
in theory, oil can be sprayed to this high degree of efficiency 

The only obvious way of stretching the surface of a liquid 
which, like fuel oil, is incapable of being drawn into a thin film, is 
by opposing force to change the momentum. This necessitates 
imparting velocity, and hence kinetic energy, to each particle. 

The diameter of a gravity drop of oil (a drop which is broken 
off from a larger mass by the force of the weight of the drop itself) 
is about 0.15in. Starting with this we can arrive at an expression 
connecting the diameter of the drop with, for example, the diame- 
ter and the number of revolutions of a circular disk from the pe- 


riphery of which the drops are thrown off by centrifugal force. 
Such an expression is 


= 10,570 


where n = rpm; D = diameter of disk, in.; and d = diameter of 
drop, in. The drops are, of course, thrown off with a velocity 


_ equal to the peripheral velocity of the disk. The kinetic energy 


represented by this velocity for oil, having an assumed density of 
0.92 will be 0.00311D/d ft-lb per lb of oil. 

This kinetic energy added to the energy required to stretch the 
surface of the oil gives (0.00272 + 0.00311D)/d ft-lb per lb of oil 
as the total energy required to spray the oil by this method. 
The kinetic energy required is 1.14D times the energy required to 
overcome the surface tension. To illustrate, suppose the drops 
are 0.0001 in. in diameter and the disk is 8 in. in diameter. The 
work of stretching the surface will then be 27.2 ft-lb and the 
kinetic energy will be 248.8 ft-lb, or a total of 276 ft-lb per Ib of 
oil. 

Contrast this with the results obtained with the steam jet. 
When the oil is sprayed by a steam jet, 0.25 lb of steam per lb of 
oil is considered fairly economical. A moderately economical 
steam engine will yield a horsepower for 34.5 lb of steam per hr. 
Thus, 0.25 lb of steam yields 14,350 ft-lb of work. This should 
theoretically be capable of spraying 52 lb of oil to drops 0.0001 
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in. in diameter. The steam jet is therefore only about 2 per cent 
as efficient as theoretically possible. 

In making this comparison it was assumed that the steam jet 
also produced drops 0.0001 in. in diameter. More likely the 
steam jet produces drops of many varying diameters, their size 
depending on oil-flow rates and the type of jet provided by the 
burner. 

Aside from the direct inefficiency of the steam jet in the process 
of vaporization, there is the added disadvantage that the jet 
steam is expanded into the furnace occupying considerable 
volume of combustion space which is already known to be rela- 
tively restricted. The steam absorbs useful heat which further 
reduces overall efficiency. 

Conclusions drawn from this analysis are, if the present flat 
steam-jet burner or steam-jet burners of any type are to be 
continued in use, it is necessary that more attention be given 
to burner construction to the end that the steam-jet action 
will impart to the oil a maximum available velocity and that 
accuracy of direction will maintain after the junction of the two 
fluids. It is also suggested that a form of hood arrangement 
over the oil port will prevent the draft, at high firing rates, from 
picking up a portion of the oil before it reaches the steam jet. 
This result occurs where there is any considerable separation 
between the oil and steam ports. 

These facts also point to the necessity for more accurate main- 
tenance of the atomizer and oil ports to definite dimensions in 
order to prevent steam waste and allow for uniform flow from the 
oil port. This is a matter that is frequently overlooked regard- 
less of its importance. 

Burners used in locomotives must be decidedly directional in 
principle owing to the relatively narrow flame channel provided, 
and the necessity for exposing the gas stream to the radiation 
from the limited refractory exposure as well as to bring about an 
almost immediate admixture of the gas stream with the indrawn 
air. It is also essential that the jet be prevented from dragging 
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the channel floor. All of this calls for care in shaping the jet 
port and in maintaining it to standard dimensions. The lip 
extension provided on several types of burners aids materially in 
preventing the jet from dragging the floor as well as in avoiding 
drooling or slobbering during low or spot fire stages. 

Several types of burners are shown in Figs. 6, 7, 8, and 9. 


FIREPAN AND FuRNACE DESIGN 


The general arrangement of all oil-burning locomotive furnaces 
is the same, consisting of the usual firepan fastened to the lower 
portion of the firebox and mud ring. It provides a longitudinal 
channel through which the oil is sprayed from the front toward 
the rear of the furnace. During the course of travel, the flame 
generated reverses its direction and returns toward the flue sheet 
through the central and side areas of the furnace. 

The firepan serves the purpose of closing the bottom of the 
firebox, supporting the necessary refractory lining and providing 
the necessary openings for air suppiy. The refractory lining not 
only protects the firepan and certain firebox areas, but it absorbs 
and radiates heat back to the vaporized oil to aid in combustion. 

Firepans are of two general types of construction, namely, the 
built-up sheet-steel type and the cast-steel type. Both construc- 
tions must be sufficiently strong and rigid to prevent jar and 
vibration from being transmitted to the brick lining and to re- 
sist diaphragm action of the plates due to the unbalanced ex- 
terior and interior pressures. 

All firepan and supporting joints should be of airtight con- 
struction to prevent infiltration of air which causes loosened brick- 
work and disturbance in combustion processes. 

The variations in individual pan designs are about as numerous 
as the variations in locomotive classes but they all come under 
three general types. These are (1) the angular-channel type with 
horizontal floor, (2) the radial-channel type with horizontal floor, 
and (3) the angular-channel type with floor sloping parallel with 
the mud ring. These types are shown in Figs. 10, 11, 12, and 13. 
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Referring to Figs. 10 and 11, it will be noted that the horizontal 
floor brings about a condition of changing channel depths from 
front to rear and similar changing of side-shelf widths which makes 
for difficult bricking and requires either a number of special brick 
sizes or considerable waste through cutting and fitting. This 
condition is more pronounced in the angular-channel type than 
in the radial-channel type. 

The angular-channel firepan shown in Fig. 12 provides for 
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(The changing depths of channel and side-shelf widths in this type of fire- 
pan make Srickian and pan construction difficult. The pan has four rela- 
tive points of air admission.) 


opening 
Half section A-A Half section B-B 


Raprat-CHANNEL Firepan THE Bottom or Wuicu Is 
HorizontTaL LONGITUDINALLY 


(This type of firepan has but two points of air admission.) 
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uniform channel depth and plate widths and allows for a larger 
range of burner height adjustment. The slope of the floor offers 
no objectionable features as has been proved in service, and there 
are few cases, especially where larger power classes are considered, 
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(The parallel construction of this firepan results in uniform depth, parallel 
sides and shelves, and allows ample space for burner adjustment. There are 
three points of air admission.) 
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(In this type firepan the channel is raised above the meh-ting line per- 

mitting additional clearance. This construction is simple and is easily 
bricked. It lends itself to any drafting arrangement.) 
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where this design cannot be incorporated. Clearances are ample 
and its makes for simpler construction and maintenance. 

It is important in firepan design to give due consideration to 
its suitability for proper refractory installation, since the main- 
tenance results depend largely thereon. Fig. 13 shows a modifi- 
vation of the type shown in Fig. 12 which allows for more limited 
clearance. The right-angle junction between the channel sides 
and the side shelves permits of a very satisfactory bricking 
arrangement at this point. 

Due to the necessity for securing the benefit of all possible 
furnace volume, firepans should be supported as low as possible 
and brick lines kept low in order to expose all possible firebox 
heating surface. Flame-channel lengths have an important 
bearing on combustion results. Recent experiments have 
shown the advantage of lengthened flame channels in reducing 
carbon formation on the flash wall. Trouble of this sort has 
increased materially with the advent of the heavier fuels. The 
extreme rapidity of combustion processes in the locomotive 
furnace necessitates building up relatively high temperatures in 
the channel lining since the temperature in this zone largely 
affects the hastening of combustion. Channels of extreme widths 
and flat angles do not function efficiently in this respect. The 
location, distribution, and proportioning of draft-admission 
openings on the locomotives on various railroads vary greatly, 
depending largely on local opinion. These variations on the 
different railroads, together with the relative apparent results, 
would seem to indicate that little importance can be placed on 
the arguments to support the contentions for or against any 
particular design. Several arrangements of air admission are 
indicated in Figs. 10, 11, and 12. These vary all the way from 
a two-point admission arrangement to a six-point admission ar- 
rangement. 

Regardless of these variations, the two features of importance 
in draft admission are proportion and distribution. These must 
of necessity be worked out for each class of power and they are 
somewhat a matter of experience and experiment. The usual 
basis for estimating draft-admission areas is to provide total 
areas of 30 per cent of the open-flue area with 5 per cent of the 
open-flue area around the burner. The remainder is distributed 
well over the rear one third of the furnace. Where any larger 


FrIREPAN CONSTRUCTION AND ARRANGEMENT WuHicH ALLOwsS WIDELY DiIsTRIBUTED AIR ADMISSION 


percentage of the total air supply is admitted well toward the 
front of the firepan, there is a tendency during high firing rates 
for a large percentage of the air so admitted to short-circuit and 
pass directly to the flues and add nothing to the support of com- 
bustion. It is also true that where draft openings at the rear of 
the furnace are placed too close to the side sheets, the air tends 
to follow the cooler zone next to the sheets and fails to mix with 
the flame. 

Large openings are detrimental in that they do not produce 
the turbulence accomplished with smaller, better distributed 
openings. Air should be admitted through jet-like openings 
since the velocity of intake is as important as the volume ad- 
mitted. 

Experiments on draft admission continue to bring about de- 
sign changes in regard to distribution, and a recent experience of 
one large railroad using oil-burning locomotives points to the 
need for a greater distribution in the handling of the heavier fuels. 
This has brought out the design shown in Fig. 14, which has proved 
its value in service. With this arrangement the firepan channel 
has been materially lengthened, with the resultant elimination of 
practically all carbon accumulations on brickwork and firebox 
sheets. These changes have been made along with the incorpora- 
tion of a larger-capacity heater so that it is difficult to credit to 
any particular feature its proper share in the improved results. 

Another radical change in draft admission consists of the ad- 
mission of the principal volume of air through tubes covering 
practically the entire area of the pan-channél floor. Claims also 
are made as to beneficial results so obtained. 

Draft-admission regulation has gone through various stages of 
manual, automatic, and semiautomatic control, most of which 
devices have proved unsatisfactory. The failure is largely due 
to the extremely varying demand for air supply during the 
different firing stages, as well as to the judgment of the operators 
which differs greatly. The air supply adjusts itself to a large 
extent with the changes in draft pressures throughout the lower 
and medium firing stages, providing the openings are correctly 
proportioned and distributed to admit correct velocity volumes at 
the higher rates. A recent development in damper control makes 
use of a balanced damper over side-admission openings at the 
rear of the flame channel. These tend to adjust themselves 
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with the varying draft pressures, but the ultimate effect is ques- jection to the former lies in the tendency for the oil in the line 
tionable. between the valve and burner to surge, but this is largely over- 

The whole problem of draft admission is open for considerable come by keeping the valve and line some distance below the 
discussion and development. burner level. Objection to the second location is due to the 
accumulation of lost motion in joint bearings resulting in poor 
control of oil flow. 

Piping and regulation equipment follow the same general In general, oil valves are similar, and are of the plug type with 
principles on all railroads, the variations being dependent largely various-shaped openings, usually a modified diamond shape or a 
upon the peculiarities of the locomotive considered. modified triangular shape. These shapes are dictated by the 


PIPING AND REGULATION EQUIPMENT 


need for finer regulation of oil 
flow at the low firing rates. All 
of these valves give little trouble 
from maintenance standpoints. 
A typical firing valve is shown in 


| Fig. 15. A comparison of open- 
WE 4 ings is shown in Fig. 16. 
ut, VAY & Yj Rerracrory Pan Linines 
| g furnace we are not confronted 
/ [4 SY VA with extreme temperature con- 
> ditions which affect the refractory 
firepan linings, because maxi- 
==7PS = mum temperatures are in the 
rome neighborhood of 2600 F. 
52 Ein We have, on the other hand, 
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Fic. 16 CoMPpaRIsoN OF FirRING VALVES 


(The opening regulation of valve No. 1 is coarse except at spot fire stage. 

The openings of valves Nos. 2 and 3 give graduated regulation during low 

firing rates but are coarse at higher rates. Valve No. 4 gives a fairly gradu- 
ated regulation through all firing ranges.) 


Generally speaking, there are a few specific rules to be followed 
in the design of this equipment. All piping, both steam and oil, 
should be well insulated, properly bracketed, and clamped to 
prevent vibration from loosening the pipe joints. Oil-line piping 
on the locomotive, to and including the burner, should be sup- 
ported either by bracketing wholly to the locomotive frame or 
wholly to the boiler or firepan. Dividing this support causes 
unequal expansion which in turn throws the burner out of align- 
ment. Oil and steam lines should be as direct as possible. Oil 
lines should be of sufficient size to provide free flow at all firing 
rates. 

The principal regulating equipment in the steam-control 
division consists of an atomizer valve, tank, and engine heater 
valves and oil-line blowout valves. Oil-regulation equipment 
consists of the operator’s regulator lever and quadrant and the 
oil-feed valve. 

There is a difference of opinion as to the proper location for the 
oil-feed valve. In the one case it is located at the rear of the 
firebox and directly connected to the fireman’s control lever. 
In the other it is located close to the burner and connected by a 
series of levers and rods to the fireman’s control lever. The ob- 


several conditions in this service 
which seriously affect the service 
of this material and point to the 
need for a special quality of re- 
fractory. In locomotive service 
we are not only confronted with 
sudden and relatively frequent furnace-temperature changes, but 
we must contend with rapid firing-up rates in terminals, all of 
which create sudden temperature changes in the surface of the 
brick lining. This results in probably the most severe service 
possible and occasions a breaking down of the surface structure 
of the brick and failure popularly called “spalling.” In order 
to resist this tendency, the refractory should be made of a 
good quality fireclay mixture in which the flint or grog particles 
are well graduated from fine to coarse and so bonded that they 
are relatively free from voids. The large flint or grog particles 
should be coarser in size than in commercial furnace refractories. 

We do not have any considerable mass of refractory to contend 
with in the locomotive furnace and for that reason it does not 
have to meet the usual commercial specifications in regard to 
expansion and contraction, load, and sag. It must, however, be 
of a quality to withstand more or less rough handling by work- 
men in making applications and abuse incident to workmen 
trampling over it in the course of making necessary firebox and 
boiler repairs. 

Refractories should be applied with minimum thickness of 
joints and bonded with a suitable fireclay or fire-cement mortar 
that will set within a close range of the maximum furnace tempera- 
ture. Firepans should be cleaned thoroughly of all slag and 
carbon accumulations prior to applying a new setting in order 
that the brick may be laid tight against the firepan and firebox 
sheets. Brick laid carelessly will not only work out of place and 
cause trouble, but where open joints occur the sand used for flue 
cleaning will work under the brick and force it out of place. 

Refractories in the locomotive are subject to considerable 
vibration and jar due to the operation irregularities and for 
that reason, firepans should be well constructed and maintained 
at all times. 

SANDING OF FLUES 


It is universal practice on oil-burning locomotives to inject 
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RAILROADS 


sand into the furnace at frequent intervals for the purpose of 
cleaning soot from the flues. It is sifted through an opening in 
the firedoor by means of either a funnel or scoop where it is 
picked up by the draft and drawn through the flues, scouring 
them as it passes. 

This seems to be rather a crude procedure but no better ar- 
rangement has so far been developed and little can be said con- 
cerning it other than to offer the suggestion that there is a 
decided advantage in using a good clean sand with ability to 
withstand fusion at temperatures below 2700 F. A low-fusion 
sand will fuse on the brickwork and gradually build up to con- 
siderable masses which are impossible to remove without seri- 
ously damaging the brick settings. In some cases sands carrying 
materials which melt in passing through the flames will adhere to 
flue beads and superheater units, and as a result cause considera- 
ble annoyance. 


Firing Practice 


This subject is well covered by various committee reports of 
the International Railway Fuel Association and does not need to 
be commented on in this paper, as these reports are available in 
the proceedings of the Association. 


CONCLUSION 


In conclusion, appreciation is expressed for the assistance 
rendered by the various railroad officials in furnishing data and 
drawings used in this paper. 

The subject is one of continued interest to all who have charge 
of the operation and maintenance of oil-burning locomotives, and 
it is felt that there is opportunity for considerable study and 
development in many phases of the art. Such study and develop- 
ment will reveal and overcome problems incident to everyday 
operation, the elimination of which will amply repay the effort. 
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Stress and Deflection of Helical Springs 


By R. F. VOGT,’ MILWAUKEE, WIS. 


The author points out that old conventional formulas 
for determining stresses in helical springs are unsatisfac- 
tory and that the complicated equations offered in the past 
few years by different authors are too cumbersome, es- 
pecially when the curvature of the bar, pitch angle, and 
bending stress for correct stress determination are con- 
sidered. If all of the stress-influencing factors are con- 
sidered, the equations introduced in recent years become 
so cumbersome that designers are tempted to sacrifice 
accuracy for convenience by neglecting these factors. 
Such short cuts for evading complications are unsatis- 
factory because the range of error thus introduced is not 
fully known nor realized. Because of these conditions, the 
author has developed new stress formulas for calculating 
stresses in helical springs and presents them in this paper. 

These formulas are for use in determining the stresses 
in helical springs of circular-bar and rectangular-bar 
cross section. They include the proper consideration of 
bar curvature, pitch angle, and bending stress, but never- 
theless they are extremely simple. The author makes 
the design calculations for tension and compression heli- 
cal springs to show the application of the formulas he has 
developed. 


springs leaves the observer the unsatisfactory choice of 

the faulty old conventional stress formula or the com- 
plicated equations offered in the past few years by various 
authors who properly consider curvature of the bar, pitch 
angle, and bending stress for correct stress determination. 
But consideration of all these factors makes spring calculation 
almost prohibitively cumbersome, so that even conscientious 
designers yield to the temptation of sacrificing accuracy for con- 
venience by neglecting some or all of these stress-influencing 
factors. Such short cuts for evading the complications are un- 
satisfactory inasmuch as the range of error thus introduced is 
not fully known nor realized. 

New stress formulas for helical springs of circular- and rec- 
tangular-bar cross section presented in this paper include the 
proper consideration of bar curvature, pitch angle, and bending 
stress, but nevertheless are extremely simple. Also, the degree 
of accuracy of the equations is plainly shown, and all doubt in 
regard to the extent of errors is removed. These facts make 
these formulas reliable and convenient. 

A very important advantage in the new equations is the use 
of the expression of the ultimate tensile stress instead of shear 


‘ SURVEY of the known formulas for stresses in helical 
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stress, since tensile stress is the common term for specifying the 
strength of materials. These equations, correctly stating the 
difference between relative stresses in tension and compression 
springs, are 


3.6P 
of 1 — 2) 
3.27P 


where S, = tensile stress in tension springs, lb per sq in., S, = 
the tensile stress in compression springs, lb per sq in., P = 
spring load, lb, d = wire diameter, in., D = mean diameter of 
the spring coil, in., and 7 = d/D. 


DEVELOPMENT OF THE EQUATIONS 


The conventional spring formula 


where 7’ = torsional or shearing stress, does not consider the 
influence of the curvature of the bar and neglects the bending 
and direct shearing action of the load. It gives a value for T 
which is approximately 40 per cent less than the actual value 
for a ratio of D/d = 4. 

Réver? has shown that the actual maximum stress in a helical 
spring is considerably higher than indicated by the old formula. 
Since the publication of Réver’s article other articles have been 
published on the same subject. 

Réver’s equations for torsional and bending stresses are 


D 
16PR d 1 + sin? 
[4] 
\D D 
—— cos? a 4- 
d 
‘ 32PR d 
max ar D aia ‘ D 1 i 
d d 
where 73x = maximum shearing stress, Buax = maximum 


tensile (bending) stress, R = D/2, and a = pitch angle. 

The spring stress equation given by A. M. Wahl? refers to the 
shearing stress only and disregards the pitch angle of the helix 
as being of little consequence. This equation is 


D 
16PR{ 0.615 
d d 


?‘‘Beanspruchung zylindrischer Schraubenfedern mit Kreis- 
querschnitt,’’ by A. Réver, Zeit. V.DJ., vol. 57, 1913, pp. 1906-1911. 

3 “Stress in Heavy Closely Coiled Helical Springs,’’ by A. M. 
Wahl, Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM-51-17, 
pp. 185-200. Also, ‘‘Further Research on Helical Springs of Round 
and Square Wire,’”’ by A. M. Wahl, Trans. A.S.M.E., vol. 52, part 1, 
1930, paper APM-52-18, pp. 217-227. 

4 “Die Berechnung zylindrischer Schraubenfedern,”” by O. Géhner, 
Zeit. V.DJI., vol., 76, 1932, pp. 269-272. 


467 


: 
‘ 
f 
_ 8PD 
rd 
' 
| 
& 
| 
} 3 
\3 
4 
| 


468 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Wahl’s laboratory tests in connection with the development of 
his equation are of great value, since his test results agree closely 
with the results obtained by using his equation and those of 
Réver*? and Géhner,‘* when the pitch angle is neglected. 

Gohner’s‘ equations which are the most accurate for torsional 
and bending stresses are 


1 


where a = (d/2) and p = (R/cos? a). Géhner suggests a simpli- 
fied form of his complicated equation for shearing stress which 


P 
2 


Equation [9] is identical with Réver’s Equation [4]. In this 
form, an error of less than 1 per cent above the accurate amount 
for a spring index of 4 is conceded, which error diminishes quickly 
to zero as the index increases from 4 to 10, the result being 
very little below the accurate value at indexes above 10. 

In order to facilitate a comparison of the relative values of 
the formulas for torsional stress as given by Réver,? Wahl,* 
and Géhner,‘ the author transformed their shear-stress equa- 
tions to the general expression 


8P 
T max — {10} 
by assuming a = 0, and determined K from each author’s 
equation for spring indexes D/d from 1 to 20. 

The curves resulting from these solutions are shown in Fig. 1. 
These curves show how closely these authors’ equations for 
torsional stress in helical springs agree. There is less than 1.5 
per cent difference between the values for the equations by the 
different authors for a spring index of 3 to 4, the difference be- 
coming smaller for larger spring indexes. 

All these equations for stresses in helical springs are compara- 
tively cumbersome. The difficulties in determining the actual 
pitch angle of the helix, at which the torsional and the bending 
stresses are to be calculated, and the complication of combining 
the two stresses into one is, in many instances, sufficient reason to 
avoid the use of these equations. 

Accepting Equations [4] to [9], inclusive, as satisfactory in 


accuracy, Réver’s Equations [4] and [5] were selected as a basis 
for further calculation, since his equations are most convenient 
in form for this purpose. The fact that Réver’s torsional-stress 
formula is identical with Géhner’s reduced equation was another 
reason for this particular choice. 

In the following calculations it is to be understood that all 
stresses referred to in the equations are maximum fiber stresses 
for any load. This maximum stress occurs in the most strained 
fiber, i.e., the fiber nearest to the center line of the coil. 

Starting the calculations with Réver’s Equations [4] and [5] 
in the forms ; 


8PD 1 1 in? 
T = a? q COs a. {11} 
us 
— — co” 
d 
16PD 1 sin? 
eos" é- 
T T 
r 7 | ~+ | Pitch Angie of Spring Coil oc = 0 
1.03 || of Spring im 
| 
101 
2-34 5 676910 16 16 20 
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Fie. 1 Factors OBTAINED FrRoM EQUATIONS 
DEVELOPED BY GOHNER, ROvER, AND WAHL 


where Equation [11] gives the maximum torsional stress, and 
Equation [12] gives the maximum bending stress. The ultimate 
fiber stress in the spring is found by combining the torsional 
stress and bending stress according to the maximum-strain theory 
whereby 


— M...... [13] 


1 
dee 


where S, = the tensile stress in the most strained fiber in ten- 
sion springs, S, = the tensile stress in the most strained fiber in 
compression springs, m = the ratio of lineal unit deformation 
to lateral unit deformation, and 1/m = Poisson’s ratio. The 
conventional value for steel is taken as m = 10/3, and the 
Hiitte handbook gives for spring steel m = 3.63. Assuming the 
latter as the nearer to correct value, we find 


S = + 0.36B + 0.64 ~/(B? + 47%)......... [15] 


Although Equation [15] is simple enough, the actual calcula- 
tion of the fiber stress is quite tedious. The author developed 
the simple equations for the combined stress in helical springs, 
as follows: 

Since the pitch angle a@ is usually less than 10 deg, it is per- 


= 0 and cosa = 1, and we find 


missible to assume 
4(D/d) 


ra? 
2 
: 
1 
L 
j 0.53 (*) 
+ (0.62 (*) + l......[7) 
p 
sin a a | 
Buax = —— |] 1 + 0.87 (*) + 
‘ 
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16PD sin a 
S = 0.36 
ra’ (:— 3) 
"16PDsna |} [8PD/ 1. 
as 1— d nd d 4 D 
D D 
16PD 
3 
rd (: 
16PD | sin? a 1 


+ 0.36 sin a 


d.* 
l 
+ 0.64 sora + 
— (d/D 
Since 1 + : rT a is nearly equal to 1, and sin? a is small 


in reference to it, it is permissible to write 


S = 0.36 sin a 
sin? a D 
—— | 
d 
where 
,—? 
in? 
8 = + 0.36sina + 0.644 ——~ +1 + 
4 
d 


When the tensile stress S, in the most strained fiber of tension 
springs is to be designated by Equation [19], 8 will have the 
subscript t, i.e., 8, and the sign will be plus. When the tensile 
stress S, in the most strained fiber of compression springs is to 
be designated by Equation {19], 8 will have the subscript c, 
i.e., B,, and the sign will be minus. 

Equation [19] indicates the possibility of simplification by 
determining actual values for 8. As shown, 8 is variable with 
pitch angle a and the spring index D/d. The pitch angle a varies 
with the load and the spring index. 

In order to find the actual value of 8, the stress of helical springs 
made of round wire was determined for various values of a, 
assuming for tension springs that the coils were wound close and 
were free of stress for no load. For this assumption, the stress 
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relation to the pitch angle a may be found by determining the 
value of P from the conventional deflection formula 


8nD*P 
i= 
and inserting it into Equation [19] with n = 1, G@ = torsional 


modulus of elasticity, and » = d/D. 
Thus 


Ss, = — = §,........[@ 


Under the assumption previously made in this paragraph, 


f+d 
xD 


tana = and f = xDtana—d. Substituting this 


value of f in Equation [20] 


(w tan a — 9) [21] 


For compression springs, the corresponding 8, must be used 
instead of 8, in Equation [21] and in place of S,, the stress Smax 
— S, is equal to the right-hand side of the equation, whereby 
Smax is the maximum stress attained in the most strained fiber 
when the spring is compressed to solid contact of the coils, and 
S, is the actual stress at the same fiber at load P. For solid 
contact of coils (S, = Smax), the pitch angle a is the minimum 
and tan a = d/xrD, and a@ increases with Snax — S, or with 
decreasing S, instead of with increasing S,, as is the case on the 
tension spring. 

For compression springs 


Smax — S, a= 


Figs. 2 and 3 give the values for tensile stresses in helical tension 
and compression springs, respectively, for various indexes and 
pitch angles. For the latter it was assumed that the stress when 
the spring is compressed solid is still within the elastic limit of 
the material. 

The curves in Figs. 2 and 3 are transformed to Figs. 4 and 5, 
respectively, giving the pitch angle and index for constant 
stresses. These curves are more convenient for finding the value 
of 8, and 8, by given values of @ for the corresponding stresses. 

Figs. 4 and 5 also show the values 8, and 8, for tension and 
compression springs, respectively. 

For compression springs the maximum tension Smax is at 
pitch angles represented by curve a for Smax where tan a = 
d/xD and the zero tension is at pitch angles represented by curve 
@ for Smax — Smax or S, = 0. 

The values 8 as shown by the curves do not change much for 
various (D/d) and various loads. 

For tension springs, 8, = 0.666 to 0.710 for (D/d) = 4 to 10, 
and 0 to 200,000 lb per sq in. stress. The total change is about 
6 per cent. Considering that accuracy in high stresses is most 
important, the total change in 8, is hardly more than 1 to 2 per 
cent for the usual working range of springs in commercial use. 
This fact suggests the use of a fixed value for 6, say, 8, = 0.707 
for tension springs, so that 168,/" = 3.6. The error in using this 
value will seldom be as much as 2 per cent (and this on the safe 
side) and, in most cases, less than 1 per cent (also on the safe 
side). Thus, 8, = 0.707 is the logical fixed value to choose for 
the purpose of simplifying Equation [19], the stress formula 
for tension springs. Therefore 


0.707 = 3.6PD 
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2¢ — (x tan a — n) 8, where 8 = — 0.36 sin a + 
2 
0.64 {on 1+ | 


[ Smex —S= 


For compression springs compressed to solid contact, the 
value for 8, is almost constant for springs of any ratio D/d be- 
tween 3 and 20, varying only between 6, = 0.6433 to 0.6404. 
For compression-spring loads of less amount than required to 
compress the spring to solid contact the factor 8, is smaller. 
For zero load on a compression spring of 200,000 lb per sq in. 
stress when compressed solid and a ratio of D/d = 10, the factor 
8. = 0.605. However, considering the high stresses as the 
more important, i.e., the load when the spring is compressed to 
near solid contact for which condition 8, = 0.642, accuracy in 
the proper range is assured. 


Thus, as a final result 
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2G (x tan a — B, where = 


Smax Ss = 
0.64 {unis a 1 
] 


= 0.36 sina + 


5 
where 7 = 
For helical springs with pitch angles greater than 15 deg (which 


are scarce) Equation [19] should be used for determining the ten- 
sile stress. 


Heuicat Curvature Factor 


A staining similarity exists between the torsional-stress formula 
T = 8PD/rxd* (correct for a straight bar), and the author's 
Reston {1] and [2] for tensile stress in helical springs. By 
assuming S = 1.37’, the equivalent torsional shearing stress in 
tension springs as obtained from Equation [23] is 


470 
i . 
2G 
3.6P 
d*n(1 — 
3.27PD 
[24] 
ol d d 
a?i1—-— 
is D D 
4) 
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1 1 16 0.707. PD 8.70PD 
1.3 Si 1.3 7 — n) (25) 
SPD 1.0875 
26 
‘ nd? 


and the equivalent torsional shearing stress in compression 
springs as obtained from Equation [24] is 


1 16X 0642 PD — 7.90PD 
[27] 
— [28] 
nd? 


The difference between Equations [26] and {28] for 7, and T, 
respectively, are the factors 1.0875/(1 — n) and 0.9875/(1 — n) 
which may be termed helical-curvature factors since they change 
the correct shear-stress value for a straight round bar to the 
correct values for a curved bar of a helical spring, wherein the 
influence of the curvature of the bar, of the pitch angle and 
bending action of the spring load are included. The term (1 — n) 
expresses mainly the influence of curvature of the bar. The 
factors 1.0875 and 0.9875, respectively, show the influence of the 
pitch angle a and the bending stress. 


SrressEs IN HELICAL SPRINGS OF SQUARE- AND RECTANGULAR- 
Cross SEcTION Bars 


A paper by A. M. Wahl,’ published in December, 1930, gives 
the results of tests made by Wahl on helical springs with square 
and rectangular wire. The close agreement of the stresses, 
found by his tests, with the values derived from the Wahl equa- 
tion applied to such springs is convincingly demonstrated with 
a number of curves representing various cross sections of bars 
His equation is composed of Saint Venant’s value for shear or 
torsional stress in a straight bar of square or rectangular cross 
section and the multiplication factor K = (4¢e — 1)/(4e — 4) + 
(0.615/c), where c = D/t, t = radial width of the bar, andt = d 
for round bar. This factor K is the same as Wahl applies to the 
stress value of a straight round bar to change it to the correct 
value of a curved bar. 

The analogy of stress relationship in straight and curved round 
bars, and straight and curved rectangular bars, having been 
proved by Wahl for his equation, may be applied for the equa- 
tions presented in this paper by the author. As shown pre- 
viously, the correction factors for helically curved round wire bar 
are 1.0875/(1—7) for tension springs and 0.9875/(1— 1) 
for compression springs. 

These factors applied to Saint Venant’s value for torsional 
shearing stress in a straight rectangular bar give for a helically 
curved bar the correct torsional stresses for tension and com- 
pression. 

Saint Venant’s value for shearing stress of a straight rectangu- 
lar bar, with ab cross section as shown in Fig. 6 is 


where r = D/2,c = b/a when b 2 a, and m = factor as given 
in Fig. 6 for various ratios of b/a. 

The stress in helical springs with rectangular-bar cross section 
expressed in shear stress is 7 = (Pr/n,ca*) X helical curvature 
factor, or 


(32) 
2nn2ca* 
= (33) 
2nm2ca? 1 — 9 
0.34 
0.32 
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0.30 
.28 
0.26 a Y 
1G 
& 0.24 Yy 
> 0.22 
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0.18 ond = 0.333 for c= oo 
0.14 
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4 
c= b/a 
Fic. 6 Factors 72 AND 73 FOR RECTANGULAR SHAPES IN ToRSION® 


where » = a/D wherein a is the radial width of cross section ab. 
The deflection of this spring is 


2 
[34] 


where the factor 73 is as given in Fig. 6. The factor (1 + 0.3n?) 
will be explained later in the paper. 


EXAMPLE 


To illustrate the accuracy of Equation [2] for compression 
springs, an example is given with the A.A.R. class-D outer spring 
of 4'/;in. mean diameter and 1%/j-in. bar diameter. This 
spring compresses to solid height under a load of 14,250 lb. 
The stresses were determined from Equations [4] and [5], Réver’s 
formulas for Tmax and Bmax and the two stresses combined to 
S,,/by using Equation [14]. It is seen that 7 = 133,292 Ib per sq 
in., B = 22,580 lb per sq in., and S; = 163,551 lb per sq in. 
The value of S, as determined from Equation [2] is 164,121 
Ib per sq in., which is 0.35 per cent greater than S, for this par- 
ticular spring. 

Since the strength of the material cannot be predicted to 
within such close limits, the author’s Equations [1] and [2] 
are fully satisfactory. Besides the advantage of calculating the 
combined bending and shearing stress with these equations, 
the strength of the spring can be judged in terms of tensile rather 
than torsional stress, which is of great importance, as the physical 
quality of the material is specified in tensile stress and never in 
shearing stress. The ultimate tensile stress is easily determined 


5 “Applied Elasticity,’’ by S. Timoshenko and T. M. Lessells, 
Westinghouse Technical Night School Press, East Pittsburgh, Pa., 
1925, see section on ‘Shafts of Noncircular Cross Section,’’ pp. 32, 33, 
and 34. Also, ‘‘Hiitte, Des Ingenieurs Taschenbuch,” twenty-sixth 
edition, W. Ernst and Son, Berlin, 1931, vol. 1, pp. 635, 637, and 
670. 
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for all materials by a tension test or even more conveniently by 
a simple hardness test. A direct comparison of a large number 
of physical tests of steels of any specification indicates a fixed 
relation between hardness and yield point and hardness and 
ultimate stress; approximately, the yield point YP of steel in 


TABLE 1 PROPERTIES OF SPRING STEEL 
Tensile yield Ultimate ten- 
Brinell point, lb per stile stress, lb 
hardness sq in. per sq in. 
Carbon spring steel 352-415 158,000-194,000 176,000-208,000 


A.S.S.T. 


Alloy spring steel 363-444 164,000-210,000 182,000—220,000 


{ Spring steel 


CF and BM 370-426 170,000—192,000 185,000-213,000 
utte 

PC 300 400-452 175,000-192,000 199,000—226,000 

Natural hard 340-368 142,000—-156,000 170,000—184,000 


Piano wire 170,000-192,000 185,000—213,000 


lb per sq in. is 580 times its Brinell-hardness number BH less 
46,000, and the ultimate tensile stress Su is 500 times its Bri- 
nell hardness. 

According to “Recommended Practiee,’”’ approved by the 
board of directors and the Recommended Practice Committee 
of the American Society for Steel Treating, spring steel should be 
tempered for a Brinell hardness of 352 to 415 for carbon steel, 


PER IN, WiRe 


dn 
= ORFLECTION, IN. PER. IN WIRE DIAMETER 4NO PER COIL FOR RW. SCALE FOR STRESSES 


SOCFLECTION 


Fic. Drriection ror TENnsion SPRINGS OF CIRCULAR 
Cross Secrion 
ft 1 — 
dn” 3. (1 + 0.3%), where f = spring deflection, in. ] 
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and 363 to 444 for alloy steel. The corresponding yield points 
and tensile strengths are given in Table 1. 

By applying the proper factor of safety, the stresses given in 
Table 1 may be used directly in Equations [1] and [2]. 


Srress AND DeriecTion DIAGRAMS 
Using Equation [1] or [2] as a basis, the curves for 
_ 3.27 
P= d%(1 — ») dn(1 — n) 
shown in Figs. 7 and 8 for maximum tensile stresses for tension 
and compression springs, respectively, were plotted. These 
curves are very convenient for selecting the proper size of helical 
springs for any given load at any desired maximum stress. 
Figs. 9 and 10, respectively, give the deflection of helical ten- 
sion and compression springs per inch wire or bar diameter, and 
per coil for various tensile stresses. Knowing the wire and coil 
diameters d and D, the number of active coils!® n, and maximum 
tensile stress desired, the deflection may be found by multiplying 


the value f/dn given by the respective stress curve for the ratios 
D/d by d and n. 


®**Number of Active Coils in Helical Springs,” by R. F. Vogt, 
Trans. A.S.M.E., vol. 56, 1934, paper RP-56-4, pp. 467-476. 
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The main advantage of these curves for spring stresses and de- 
flection is the fact that they indicate at a glance the full range of 
spring data from which it is possible to choose the most desirable 
specification for any given problem without repeating any spring 
calculations. 


So.tvina Heuicat-Sprinc WITH THE AID OF Fics. 
7, 8, 9, AND 10 


Example 1. A compression spring is required to carry a static 
load of Q = 1500 lb, which load should be one half of the maxi- 
mum capacity at which the maximum stress is to be not over 
S, = 150,000 Ib per sq in. The spring is to deflect 1 in. for a 
load change of 492 Ib. 


TABLE 2 SPECIFICATION FOR SPRING DESIGNED IN 
EXAMPLE 1 


Maximum load P, lb 

Maximum tensile ‘stress S, ib per 4% 
Change in load for 1-in. deflection, 
Maximum f, in 

Wire oll dian d, in 


Number of active 

Number of free coils, n — 1/2 

Total number of coils, aye — end,n + 2. 
Free length, 1/2) + 

Free coil U/(n— in.. 

Pitch angle 


The maximum load P of the spring is 2 X 1500 = 3000 lb. 
This gives S/P = 150,000/3000 = 50. 
In Fig. 8, the second column of ordinates shows S/P = 0.1 


g 


>Y 
LX 


Total No. of Coils from A—B 
Free Coils from Y—Z 


Fie. 11 Sprine Desicnep From Data In Exampte 1 


to 100 and the third column of ordinates shows S/P = 10 to 
10,000. For S/P = 50 in the second column, the spring wire 
sizes range from 1 in. for D/d = 14.4, to 1.175 in. for D/d = 20 
In the third column of ordinates, the wire size corresponding to 
S/P = 50 is given as 0.55 in. for D/d = 3, to 1 in. for D/d = 
14.4. The wire size for our specification, therefore, ranges from 
0.55 in. to 1.175 in. for D/d = 3 to 20. Choosing D/d = 6 to 8, 
Fig. 8 shows that for this range the wire size is between 0.69 in. 
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and 0.77 in., respectively, and selecting 0.75 in. as wire size, the 
index D/d is fixed at 7.5. 

In Fig. 10, the line for S, = 150,000 ib per sq in. crosses the 
line for D/d = 7.5 at the line for f/dn = 1.55. 

According to requirements, the deflection for 492 lb is 1 in. 
and for 3000 lb load or for a stress of 150,000 lb per sq in., it is 
6.1 in. Therefore, 6.1/0.75n = 1.55, orn = 6.1/(0.75 X 1.55) = 
§.25. 

The spring, complying with the requirements, has the specifica- 
tion listed in Table 2. A sketch of the spring is shown in Fig. 11. 

For illustrative purposes this spring problem was carried to 
an accuracy greater than that necessary for general practical re- 
quirements. All problems concerning helical springs with circular- 
cross-section wire can be solved conveniently with the aid of 
Figs. 7, 8, 9, and 10. 

Example 2. For a helical spring with known wire diameter d, 
mean coil diameter D, number of active coils n, and maximum 
deflection f, the maximum stress S, and the load eapacity P may 
be determined as follows: 

Find in Figs. 9 or 10, as the case may call for, the value S for 
f/dn and D/d. Figs. 7 and 8, respectively, will furnish S/P 
for d and D/d, from which the value P = S/(S/P) may be de- 
termined. 

In a similar way, any of the missing helical-spring data may be 
found if the necessary minimum information is given. 


TorRSIONAL DEFLECTION AND DirREcT-SHEAR DEFLECTION 
HEticat Sprinas 


The deflection equation 


given in Fig. 8 is derived from the conventional deflection 
equation f = 8nD*P/Gd‘ in which a correction is added for the 
deflection due to pure shearing stresses in the spring wire. By 
substituting for the spring load P its equivalent value expressed 
in tensile stress, and adding the direct-shear deflection, Equation 
[35] is derived as shown in the following paragraphs. 

Although the conventional equation for helical-spring deflec- 
tion f = 8nD*P/Gd* is accurate enough for all practical purpose= 
it is theoretically inaccurate due to the facts that it neglects the 
effect of the curvature of the bar, and omits the additional de- 
flection caused by direct shear in the spring wire or bar. The 
deflection due to direct shear in most deflection problems is 
usually so small that it may be omitted without any practical 
consequence. This is especially true where the length of the 
beam is comparatively small in reference to the cross section of 
the beam. Accurate spring-deflection tests, like those made by 
A. M. Wahl,’ have indicated that helical springs with smaller 
indexes show deflections which do not entirely conform with the 
expected results based on conventional spring-deflection formulas. 
The author’s investigations show that this diversion from the 
conventional spring equation is due to the omission of the de- 
flection caused by pure shear in the spring bar. 

The deflection of pure shear in a cantilever bar is f’’ = 7L 
= (T/G)L = PL/F,G. According to Hiitte, the effective area 
for shear in a circular cross section is F, = F/1.2 = d*x/(4 
1.2), so that the deflection f’’ of this bar becomes 


f" = 48PL/xGd? 


where P = load or force causing shear, y = shear angle in radi- 
ans, L = length of bar subjected to shear, G = modulus of 
elasticity for shear, T = shearing stress, F = cross-sectional area 
of bar = d*x/4, and F, = effective area for shear. The pure 
shear deflection f’’ of a cantilever bar is as shown in Fig. 122. 
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With reference to Fig. 12b, if P were acting on the end of the 
cantilever L by means of a crank lever FR, a torsional deflection is 
produced to which the pure shear deflection must be added. As 
indicated in Fig. 12b the end B and also C drop to B’ and C’, 
respectively, due to direct shear from load P. The point C drops 
from C’ to C’’ due to the twist in bar AB produced by torque 
PR. The total twist angle at B amounts to w = 32RPL/xd‘G 
which is the are length in radians from C’ to C’’. The deflection 
due to torque PR is f'’ = Rw = 32R*PL/rd‘G. The total 
movement of point C is 


This deflection, however, is only correct for a straight bar of the 
length L. When this bar is coiled, the deflection for torsion be- 


A 
YY, 
| 
YA 


(b) 


Fig. 12 (a) CANTILEVER. (b) CANTILEVER Bark WITH 
CraNK LEVER 


comes less. This conclusion is drawn from the development of 
Equation [4] by Réver for torsional stress in a helical spring. 
In this development Réver shows that in a curved bar, loaded in 
the center of the curvature by force P, which acts perpendicularly 


to the plane of the curvature, the sum of the components of the , 


torsional-shear forces, which are parallel to the force P, is not zero 
but equal to P/2 and acts in the opposite direction of force P. 
This sum of unbalanced components of torsional-shear stress 
causes a deflection of the coiled bar which is opposite in direction 
to the deflection f’ + f’’ and amounts to f’"’ = 4.8(P/2)L/d°G. 
For the coiled bar L = 2Rrn if R is the radius of curvature and n 
the number of coils. Then f’’’ = 4.8PRn/dG. 
Thus 


2 R? 
32 +48 ] = («4 — + as). . [38] 
ad 


The total deflection is f = f’ + f’’ —f’’’. Therefore, the total 
deflection is 


8nP 
dGn 

Expressing P in Equation [40] in the corresponding tensile 
stress for tension and compression springs, the equation for ten- 
sion springs is 


f= (1 + [40] 


8S,nd n) 
= — ——(l 41 
4 36G (1 + 0.3n?) [41] 
and the equation for compression springs is 
= (1 + 0.3y*) .......... 42 
3276 (1 + 0.3n?) [42] 


from which f,/dn and f,/dn furnish the values in Figs. 9 and 10. 

The direct-shear correction factor (1 + 0.3m?) for curved bars 
varies so little from unity that in general practice it may be 
justifiably replaced by unity. 

For a spring index of D/d = 1/n = 3, the correction amounts 
to only 3!/3 per cent and diminishes rapidly with increasing index. 
However, the factor (1 + 0.3n*) being such a simple expression 
should be included with the conventional helical-spring deflec- 
tion equation, since it shows the curvature effect and assures a 
truer value for helical-spring deflections. Checking the results 
of accurate deflection tests with this corrected equation will 
show that the torsional modulus of elasticity does not change 
for varying indexes as has heretofore appeared to be the case 
when checking with the conventional deflection equation. 


CONCLUSION 


Due to the importance of helical springs in industrial machines, 
especially in construction of railroad equipment and automo- 
biles, in which a failure may lead to serious injuries, careful 
spring design is necessary. But, as a matter of fact, most springs 
and especially helical compression springs are made and applied 
so that they can be and are often actually subjected to stresses 
reaching the elastic limit of the material. The usual procedure 
of making a compression spring is to wind it with a large pitch 
so that when it is compressed to solid contact of the coils the 
first time, its stresses go beyond the elastic limit and a permanent 
set takes place. If the spring is left compressed to solid contact 
of the coils for a sufficiently long time or repeatedly compressed, 
the spring material adjusts itself by stretching to a point where no 
further permanent deformation, i.e., set, takes place, but every 
time the spring is compressed to solid contact of the coils, the 
material is stressed to its elastic limit. 

A comparatively small number of these maximum deflections 
will cause a failure. To avoid such failures the spring deflection 
range should be limited by a positive stop to a point of predeter- 
mined maximum stress, which is far enough below the elastic 
limit to conform with the importance of the application. In 
compression springs, this positive stop should be the stop at 
solid contact of the coils, and the springs should be wound ac- 
cordingly. 

Keeping these points in mind and using the author’s simple and 
accurate Equations (for bars of circular cross section) [1], [2], 
and [40], and (for bars of rectangular cross section ( [32], [33], 
and [34], the engineer is enabled to solve his spring problems 
in a more satisfactory way than heretofore. 
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Discussion 


Power- Distribution Costs’ 


WituaM D. Ennis.? It is true that regulatory procedure has 
been more effective in determining aggregate operating revenues 
than in mediating between customer classes. Reports to com- 
missions are highly detailed, whether appropriately or not; but 
they do not in general call for allocations of overhead. This is 
no doubt the case because such allocations would be largely arbi- 
trary. Neither (in general) do municipal water-supply enter- 
prises correspondingly allocate overhead costs, although such 
allocations might in their cases be comparatively a simple matter. 

It is also true that in general we lack complete book records for 
construction costs. It is insufficient justification for this that the 
courts have stressed reproduction cost more than recorded cost in 
the determination of the rate base, and have paid little attention 
to segregated construction costs. 

Allocations, whether of construction cost or of annual overhead 
expense, are ultimately matters of opinion. ‘There is no im- 
mutable law,” says Mr. Cooke. Cost practice can be improved 
(perhaps vastly), but to the extent to which allocation is residually 
arbitrary there will be no agreement in results,and costs for various 
customer classes will therefore finally remain matters of judgment. 
Hence rate comparisons, one geographic area against another, are 
of limited value. Reasons are suggested by Mr. Cooke. Does it 
follow, then, that yardsticks are of little value? 

The author’s classification of residual overhead is intriguing; 
but here, as elsewhere throughout the paper, arithmetical illus- 
trations of actual cases would be helpful. And what is “excessive 
capacity?” There is such a thing as reserve capacity, capacity 
provided to insure continuous service. There is also capacity 
installed in excess of immediate requirements because, while loads 
increase gradually, equipment must be acquired in finite blocks. 
In either of these cases, is there excessive capacity? Under what 
conditions and for what reasons does excess capacity ever exist? 
The courts include only “used and useful’’ property in the rate 
base. Would they consider “excessive capacity” to be useful? 
If not, why worry? 

One of the major importances of costs arises from their in- 
fluence on rates. But rates to various customer classes are not and 
should not be solely determined by respective costs. There is, for 
example, the influence on future costs to be considered. Mr. 
Cooke’s paper discusses, no doubt intentionally, costs per se. 

If at any time (of the day or year) the load is less than the 
existing necessary capacity, then it pays to offer current at a 
bargain rate during such time—pays the special customers in- 
volved, the company, and all other customers. Traditionally, 
bargain rates have been named to industrial customers—because 
they had to be. It may be that now they should be extended to 
other classes of customers. That depends largely on the elasticity 
of demand which may result from rates below about 4 cents to 
residence customers. 

The issue here is not the abstract justification for class rates. 
There is plenty of evidence on that point. It is, what customer 
class shall be granted the bargain rate? Railroads have had to 
settle this in connection with freight rates and manufacturers in 


1 Published as paper MAN-58-1, by Morris Llewellyn Cooke, in 
the May, 1936, issue of the A.S.M.E. Transactions. 

*? Humphreys Professor, Stevens Institute of Technology, Ho- 
boken, N. J. Mem. A.S.M.E. 


connection with export trade. The principle of rates based on 
increment costs is sound, but who is to occupy the incremental 
position? There is the real issue, and almost the only genuine 
issue, in electric rate making. 


H. 8. Person.? Before passing to consideration of a particular 
phase of Mr. Cooke’s paper, I desire to record my agreement with 
it asa whole. This agreement is not only with the point of view 
and the general argument, but also with such specific propositions 
as the following, which I believe I find in it: (1) That the order of 
accounting in question is one in which current accounts are kept 
of adequately classified and symbolized basic unit expenditures, 
from which by selection and combination there may at any time 
be drawn the costs pertaining to any particular property, area, 
function, or class of consumers. (2) That the problem is one of 
developing a particular type of accounting and not of copying and 
applying some particular system already created. (3) That the 
development of such a type is not a simple and easy matter, but 
is nevertheless possible, and is urgent from the points of view of 
both the industry and the public, for costs, although they are only 
one of several factors entering into the determination of selling 
prices, are in that respect especially important in an industry not 
freely subject to the forces of competition. (4) That it cannot be 
done over a week-end, but will require painstaking effort spurred 
on by the continuing support of the leaders in the industry. 

The particular phase of the paper to which I now give attention 
is indicated by a question: Is not the distribution of electric energy 
so different from manufacturing—complicated by so many more 
variables—that it is technically impossible to develop for it the 
order of more precise accounting and cost finding in question? 

My unhesitating answer to this question is, No. Distribution 
of electric energy is different, but not so completely different—is 
complicated by variables, but not so much more so—but what the 
high order of cost finding urged by Mr. Cooke is applicable to it. 

I once had occasion to make a study of this very problem. The 
method pursued was comprehensive, detailed field inspections in 
three sample areas—small city with rural extensions, high-class 
suburban, and complicated metropolitan. These inspections were 
for the purpose of examining every cost-creating act and de- 
termining whether each act, even though it involved joint costs or 
overhead not immediately distributable, could be individually 
accounted for in a system of basic accounts, so identified by a 
symbol as to indicate its important relations and permit it to be 
combined with other data in drawing area, property, function, or 
consumer-class costs off the books. 

The findings were that individual unit costs could be dis- 
tinguished and recorded currently in a basic system of accounts, so 
symbolized as to be readily and economically drawn off and com- 
bined in any cost determination by standard sorting and com- 
puting machines. 

Unquestionably, certain adjustments in management would 
have to be made, but no more than in a large manufacturing 
business producing a great variety of items and consisting of 
constituent plants thrown together by purchase and other modes 
of consolidation. This does not mean, of course, that manage- 
ment in its general aspects must be cut to fit an accounting system. 
It means, in the first place, that careful functional organization 


+ Consultant in Business Organization and Management, New 
York, N. Y. Mem. A.S.M.E. ; 
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must eliminate the variations, inconsistencies, and conflicts in- 
herited from constituent plants incorporated without revision of 
their organizations and modes of operation; and, in the second 
place, that in connection with this, units of cost must be more 
clearly delineated, responsibilities defined, and work laid out, 
written orders issued, and reports made in terms of these units. 
It may be noted that development of the type of accounting and 
cost finding recommended would aid materially in these better- 
ments. 

Apparently, the cost of such a mode of accounting and cost 
finding would not be out of line with the cost of a similar mode 
of accounting and cost finding in a comparable fabricating enter- 
prise; comparable, that is, as to variability of factors, value of 
investment, and annual turnover figures. 

The problem is not so much one of technical difficulty as of a 
will to do, clear understanding of the order of accounting and 
cost finding in question, suitable organization for its development, 
and continuing high-executive support. The cost of development 
would be an investment amortized with reasonable promptness 
by savings in costs, including not only general administrative and 
operating costs but also the costs of occasionally digging out costs 
from undifferentiated data for commission hearings. 


R. T. Livineston.‘ It is hardly possible in a single discussion to 
present completely the whole problem which has been brought 
up by Mr. Cooke and at the same time point out the many mis- 
statements in the paper. Consequently, I am confining my- 
self to: (1) Discussion of Mr. Cooke’s false premise; (2) defini- 
tion and discussion of costs in general; (3) derivation of formula 
for cost of service; (4) discussion of application of formula; 
and (5) discussion of Mr. Cooke’s conclusions. 


Tue PREMISE 


The paper starts with the statement that public utilities do not 
keep proper accounts nor adequate cost records. This statement 
is repeated with various additions, insinuations, and inferences, 
terminating with a statement to the effect that any methods which 
may by accident be applied were developed by those outside the 
industry. This sweeping condemnation of the industry and those 
engineers within the industry is false and misleading. 

There are few cases in industry where such complete and ac- 
curate records are kept in such meticulous detail as is done in the 
public utilities. Not only are such records kept but they are a 
matter of public record and available for all to study. It is also a 
matter of common knowledge that the method and detail by 
which these accounts and records shall be kept is specified, com- 
pletely and in great detail, by regulatory bodies. Public-utility 
companies are bound by law to keep their records in the manner 
specified and do so. 

The making of cost determinations and comparisons, both 
routine and occasional, is a matter of operating routine and is 
engaged in to a greater or less degree by every operating utility 
in the country. Far from being a secret, the making and use of 
such studies has been discussed at great length in the technical 
press and goes back to the work of Wright and Hopkinson in the 
past century. A bibliography on this one phase alone would cover 
several hundred items and would include at least one N. E. L. A. 
prize paper. 

Such studies can be and are made as accurately as the specific 
situation under consideration warrants. It is well known that 
cost is not the only important factor in making rates. While the 
cost of service may and must govern the overall rate situation, it 
does not and cannot govern the rate to each and every consumer. 


4 Professor, Industrial Engineering Department, Columbia Uni- 
versity, New York, N. Y. Mem.A.8S.M.E. Viee-President, Society 
for Advancement of Management. 
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It is, of course, true that the total cost of service must be received 
in order that any service utility continue to render the requisite 
service, yet the value-of-service principle will control certain 
portions of the schedule just as political pressure and economic 
expediency will dictate other portions. As rates cannot be made 
to coincide precisely with costs, extreme accuracy in making cost 
studies is seldom warranted. Further, as the policy in regard to 
rates is to have uniform rates over constantly increasing areas, 
the breaking down of costs, so that they can be determined out 
of specific substations and feeders, is possible but wholly un- 
necessary. The cost of such studies would far exceed their value. 

An absolutely accurate cost determination can only be made 
after long and complete studies of loads and losses have been 
made. Not only must such a study be a specific determination 
but must embrace the division of these loads and losses among 
types of customers and even in some case among the various 
specific customers within such classifications. Perhaps most im- 
portant of all, even when such detailed studies have been made 
they will not be accurately applicable for the future because, 
contrary to most industries, demands, output, and losses are con- 
trolled by the customers and not the management and vary 
throughout wide limits, altering not only from year to year but 
also from day to day. 


DEFINITION OF Costs IN GENERAL 


One reason there is so much fruitless discussion on costs is that 
few people take the trouble to consider the fundamental problem 
of what a cost is and to define its terms. The problem of cost 
determination has three aspects which it is essential to differentiate 
among: 


(1) How much did it cost to deliver the number of units of 
service or product to the number of consumers and at the rate of 
demand which actually existed—factual, static, metrical, and past. 

(2) How much might these same units of service or product to 
the same number of customers at the same rate of demand and 
under the same physical situation be delivered for under the most 
efficient conditions—comparative, estimation, problematical. 

(3) How much under some other metrical situation might 
some other number of units of service or product at some other 
rate of demand be delivered for—dynamic, mathematical, ana- 
lytical. 


If these three aspects are considered separately and not combined 
then much of the confusion disappears. 

The classical definition of a cost—“any expense essential for 
the maintenance of a given volume of production”—is like all 
generalities, of no great practical value. The concept of cost is 
governed by position in the chain of production; what is one 


man’s price becomes another’s cost. The seller’s price is the 
buyer’s cost and this assumes more than academic interest when 
it is realized that any manufactured article is created by the 
collection, processing, and assembly of a number of seller’s goods. 
Hence, the cost of any such manufactured article is largely 
governed by the price of the purchased goods and of the labor, 
capital, and management employed in this collection, processing. 
and assembly. 

All the essential expenses for the maintenance of production 
may be grouped into three classes: The first, having to do with 
the raw material and the labor applied thereto; the second with 
the capital or money applied; and the third with the necessity of 
social protection. The first may be considered the human hire and 
the material purchased; the second, the management purchased 
and the capital hired; and, the third, the cost of preserving the 
social system, consisting of taxes, insurance, and other similar 
items. 

The costs of raw material and the labor applied to convert this 
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raw material, the costs of selling and other charges incident to the 
direct production of the goods sold are termed ‘‘operating costs,”’ 
and all the other expenses of securing and possessing the required 
capital, engaging the needed management as well as the dues of 
social protection, are considered together and termed ‘‘fixed costs.” 
Operating costs are also sometimes spoken of as “direct costs,” 
because they are directly caused by the production and vary 
largely with variation in the production. The fixed costs may be 
called ‘‘indirect costs” or “overhead costs,” because, while they 
are caused by the necessity of production, their basic reason for 
existence is the capital employed in producing the commodity or 
service rather than the production itself. Hence they are only 
indirectly related to the production. 

Thus it may be stated that all costs are essential expenditures 
and that basically they are caused either by the production of 
the goods or by the capital employed. This fundamental division 
is necessary though perhaps confusing, and it may not be im- 
mediately apparent why the hire of the capital should beconsidered 
any more respectfully than the hire of the labor and the manage- 
ment or the purchase of materials. The reason is because of the 
fundamental difference in viewpoint of the accountant and the en- 
gineer. The accountant records the expenditures and the method 
of recording the former differs from that of recording the latter. 
Not that the hire of capital is sacrosanct, but rather its time 
element extends over a long period and is paid for in a different 
manner from the hire of labor whose time element is short. 

It is to be assumed that money is spent and expenses incurred 
for specific purposes and that there must be some relation between 
the money expended and the purpose. In other words, for every 
expenditure of money there is some relatable causal factor which 
usually can be identified. Any cost whose causal factor can be 
determined or accurately assigned may be termed an “‘assignable”’ 
or ‘A cost.”’ All those costs which are not directly assignable may 
be termed “‘unassignable’’ or ‘‘U costs.” 

From an economic or physical point of view the specific pur- 
poses for which money is spent, expenses incurred, or investment 
made may be classified under the following headings: 


(a) For the supplying of the commodity = commodity cost 
(b) To provide for the maximum rate of 

demand for the commodity = demand cost 
(c) For readiness to serve the consumer = customer cost 
(d) For obtaining a certain amount of 


revenue = development cost 


All costs which cannot be traced to one or more of these causes 
and so assigned are unassignable costs. In the assigning of costs 
to their proper cause there will be varying degrees of certitude. 
Some will be obviously traceable to their cause, while in other 
cases long and perhaps tedious statistical studies will be required 
before it can be determined which of the four causes is predomi- 
nant. It will perhaps be discovered that there is a bi- or tripartite 
relationship; the cost depending upon either the simultaneous 
interaction of two or more of the causes or perhaps is the result of 
two or more independent causes acting. 

Commodity costs are all those costs which vary with fluctuations 
in the production or delivery of the commodity, which would be 
increased by an increase in production, delivery, or sales and 
decreased by a decrease therein. These fluctuations in cost and 
cemmodity are not necessarily directly proportional, there may 
be a time lag, or a complex functional relationship. 

Demand costs are caused by difference in the maximum demand 
for the production. They are all those costs which depend upon 
the capacity of the plant and other facilities. Increased capacity 
is necessitated by increase in the maximum demand, even though 
the total production is a constant, and in such cases the produc- 
tion of the commodity is only obtained at increased cost. This is 
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true whether the governing maximum demand is the week’s, 
day’s, hour’s, or minute’s capacity. This governing maximum 
demand is determined by the perishability of the product, the 
overload capacity of the plant, and the possibilities of storage 
during ‘off demand” periods, such storage diminishing the re- 
quired plant capacity. 

Theoretically, all business enterprises are engaged in to fill an 
economic want and to make a net profit to those operating the 
enterprise. The source of the profit is, of course, the revenue 
received, and hence certain expenditures will be made in order to 
encourage and promote the use of the product of the enterprise or 
to bring in more revenue. Such expenses may be termed ‘‘de- 
velopment costs.’”’ There are two types of these costs; those which 
are incurred in order to produce revenue, and those which are 
incurred as a result of revenue received, the former leading in- 
creases of revenue, the latter following. 

There are, of necessity, certain costs which depend upon the 
number of customers and which are not governed either by the 
commodity, the demand, or the revenue, and these costs are 
called “customer costs.” In other words, certain investments and 
costs are necessitated to take care of any customer, no matter 
how small—that is, there is an irreducible minimum for every 
customer no matter how little of the commodity he demands or 
how small his demand or revenue is. 

There are certain other types of costs and cost variations and 
nomenclature which are commonly used. In many enterprises 
two or more commodities are produced. All costs which are 
traceable to either commodity alone are termed “special costs,” 
while those which are incurred due to the business as a whole and 
which are not special costs are termed ‘“‘joint costs.”” These terms 
are familiar to economists, and it is most important that they be 
not confused with the assignable and unassignable costs previ- 
ously mentioned. In studying these latter it is always necessary 
to remove the former before undertaking an analysis. 

When considering the variation of any given cost with output, 
as is the case in dynamic analysis, there are two other costs which 
are commonly spoken of; (a) incremental costs and (6) no- 
production or fixed cost. These are perhaps best illustrated by 
considering Fig. 1. The cost of operation of any economic mecha- 
nism which has the normal form of efficiency curve—an increase 
from zero production to a maximum and then a falling off—may 
be expressed by a cubic equation, such as that represented by the 
line aeg, or 


y =a + br + ca? + dz? fl] 


Within the “normal range of operation” and particularly at the 
point e the cubic can be very closely approximated by the straight 
line cef whose equation is 


At the point e this line gives the cost of operation sufficiently 
accurately so that b’, the slope of the line, represents the increased 
cost to produce a small addition of productive output and is called 
the incremental cost or otherwise the marginal or differential cost. 
The value of a, represented by the distance oc on the figure, 
therefore, is the cost of “no production.” 

If it costs M dollars to produce z, units of production and 
N dollars to produce z, units of production, then at z; units of 
output, the incremental cost for (zz, — 2) is (N — M) dollars. 
The no-production cost theoretically is that cost which remains 
if there is for a short time “no production.” The variation of 5’ 
with the output of production units will show what the functional 
relation between cost and output really is. For estimates within 
small ranges of variation in output it is usually sufficiently 
accurate to use a straight line. 
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The term “unit cost’ is one that is widely used and almost 
equally widely misunderstood. It is not a constant as usually 
considered but a natural variate. In Fig. 1 the unit cost at point 
e is represented by the slope of the line through the point and the 
origin or either oek or aeh, depending upon whether the total unit 
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Unit Cost of Output 
Total Cost of Output 


0 


Percentage of Full-Load Output 
also Units of Output (Xn) 


Fie. 1 RELATION BETWEEN Costs AND OvuTPUT 


cost—including the investment—or only the production unit cost 
is being considered. It is expressed by the equation 


and b” is the unit cost at the point e.” At some other point the 
slope will be different, being larger for smaller outputs and smaller 
for larger outputs. It is obvious that there is a definite and 
necessary relation between the total-production-cost curve and 
the true-unit-cost curve. The former is the integral curve of 
the latter, and hence the two are mathematically related. If the 
marginal-cost curve is used 


y=a+bd'z 
then the unit cost curve is a hyperbola 


b’ then being the asymptote. 

These various different costs have different meanings, as has 
been pointed out, and can only properly be used in the sense and 
for the purpose intended. Erroneous or improper use can and will 
produce improper, foolish, and even dangerous conclusions. 
Operating and fixed costs apply primarily to the financial state- 
ments of the enterprise and are the province of the accountant; 
and these recorded or accounted costs are the basis of any 


engineering, economic, or statistical analysis. Assignable and 
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unassignable costs are the elements upon which a static analysis 
of costs must be built and unit costs may be used in connection 
therewith to analyze parts of the component structure. Special 
and joint costs are only applicable to a multiproduct analysis 
and are merely a step in setting up the information for a single- 
product analysis. Incremental and no-production costs are used 
in a dynamic analysis where the effect of time or output changes 
is desired. 


ForMULA FOR Cost oF SERVICE 


If costs are to be known, then they should be determinable in 
such a fashion that the effect of any and all alterations in the 
basic postulates can be shown and their effect traced with vari- 
ation in the fundamental physical, economic, and financial factors. 
The formula, which will be derived, expresses the whole range of 
phenomena. Any desired alteration in any factor can be traced, 
and as it is a mathematical expression founded on scientific law it 
will yield the same answer to all normally constituted minds in 
possession of the same facts. It is immaterial whether it is used 
by a utility operator, a commission engineer, an engineering 
student, or an economic consultant. 


Basic FoRMULATION FOR THE Cost oF SERVICE 


Nomenclature 
Let 
rate of return on rate base 
rate base 
customer component of investment C/Y = c 
development component of operating expense 
D/R=d 
energy component of operating expense E/X = e 
fixed or customer component of operating expense 
F/Y =f 
going value G/J =g 
investment component of operating expense H/] = h 
investment or value of physical properties 
demand component of operating expense J/Z = j 
demand or kilowatt component of investment 
K/Z =k 
development component of investment L/R = | 
summation of all operating expenses 
net income 
overhead component of investment O/I = o 
revenue received or to be determined 
working capital W/M = w 
kilowatt hours 
number of customers 
demand in kilowatts 
(1 +g) = going-value multiplier 
(1 + Aw) = working-capital multiplier 
(1 +0) = overhead multiplier 
Aad 
hBo 
A+A 


The fundamental equation is that the revenue received diminished 
by the necessary expenses incurred must equal the net income for 


= transformation coefficients 


This net income is the much quoted “fair return” on the “fair 
value” or the allowed return on the rate base. That is 


By substitution and rearranging to determine the revenue, which 
is the thing desired 


R=M+AXB 


f 
| 
No-production cost | 
! 
| 
'€-Fixed No- production cost 
Acs 10 20 30 40 50 60 70 80 90 100 110 120 
y/e mu=b' +a/z................[4] 
eeccce or as it is more conveniently expressed 
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The expenses consist of a large number of partially independent 
costs which depend upon the various independent variates, that 
is to say 
.. 19] 

which may be rewritten in terms of the causal factors as 
M =eX +jZ+fY +dR+hl.......... [10] 


The rate base consists of four principal parts; the value of the 
physical properties or the investment, the going value of the 
company, the necessary working capital, and the franchise value. 
This latter will be omitted in the discussion because it is of such 
a minor nature in comparison to the other three. 


(11] 
Going value may be best expressed as a decimal part of the 
investment. 

Working capital is, of course, related to the operating expenses 
and may be expressed as a decimal thereof. Making this sub- 


stitution and substituting the value of a for (1 + g), the rate base 
may be expressed as 


Substituting this value in Equation [8] 


R=M+AxXB 
= M + Ala + AwM 
= M (1 + Aw) + Ala 


which is the expanded fundamental formula for the revenue 
which must be received in order to cover the operating expenses 
and the return on the investment. Investment, just as operating 
expense, consists of a large number of different items, but all] of 
which may be expressed in terms of the causal factors. 


= (1 +0) (C+K+L) 
= ¢(C + K + L) 
or substituting the values of the causal factors 
I= @(c¥ +kZ +IR).............. [16] 


This value of J, together with the value of M from Equation [10], 
may be substituted in Equation [14], whence 


R=B(eX+jZ4+f¥ +dR+ho|c¥+kZ+IR })+Aag(c¥ +kZ 
= +BdR+dc¥ +AkZ+NR+Ac¥Y +AkZ+AlR 
= +6dR+xc¥ +rkZ+xlR 

R=8dR — = BeX +Z(8j+xk) + ¥ (Bf 

or solving for R, the required revenue 

BeX + (Bj + + (Bf + xc) Y 

l— (8d + xl) 


On examination this is seen to consist of 
Revenue = 


R 


energy cost + demand cost + customer cost 
1 — development cost ratio — development investment ratio 


Discussion OF APPLICATION OF FORMULA 


The theory is simple and obvious enough but the technique 
of application becomes difficult not because of errors of account- 
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ing or improper records but because of the peculiar conditions of 
the utility business which do not exist in other less complicated 
industries. 

The principal points of difficulty are: 


(1) What is a customer? 

(2) What is the demand; how does it vary; and how is it 
caused? 

(3) How are the losses of product occasioned? 


There is not space to analyze these questions at length and the 
second point has been thoroughly discussed in papers over the 
past twenty years. Suffice it to say that the utility customer is a 
very different thing from an industrial customer and when an 
“average customer” is introduced to the subject confusion is 
bound to arise. As a matter of fact, when the “average customer” 
is spoken of, usually, the “average consumption” is intended. 
These are very different things, as shown in Fig. 2, which presents 
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Fie. 2 Customer DIstRIBUTION FOR A NUMBER OF COMMUNITIES 
Wits Dirrerent ConsuMPTIONS 


customer distributions for a number of communities with very 
different consumptions. It is, however, important to note that 
in every case the “average consumption” occurs at a point where 
from 2/; to */, of the customers use substantially less. 

This discussion has not included a specific discussion of “dis- 
tribution costs” as Mr. Cooke intended. Many such discussions 
have been presented during the past five years or more. Their 
value, however, bas been limited because agreement in basic 
definitions has been lacking. Rather than to add further to the 
confusion I have presented these fundamental principles that 
might well be considered before venturing into a field which 
is ruled by faith rather than fact. However, there is no fun- 
damental difference between a “cost of distribution” and any 
other cost. The complications are a little more obvious and im- 
portant and in order to make the necessary hypotheses to 
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apply approximations, a more intimate technical knowledge is 
required than with production costs, for example. Such inti- 
mate technical knowledge is not found generally outside the util- 
ity field. 

This is naturally so because it is only in the utility field 
that there has been opportunity for men to study the wide va- 
riety of situations that exist. For example, the whole technique 
and naturally cost of distribution in a sparsely settled area fed 
by overhead radial distribution is far different from that in a 
city with an underground secondary network. 


Discussion OF Mr. Cooxn’s ConcLusion 


There seem to be no new conclusions in this paper. Throughout 
attention is invited to the alleged failure of the utilities to keep 
adequate records. The method which he proposes is not set forth 
in detail, so cannot be discussed, and the conclusions which are 
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presented are merely a repetition of conclusions previously sub- 
mitted by the New York Power Authority. 

In that connection it is interesting to refer to Fig. 3, which 
presents the data as to distribution costs which Mr. Cooke gives, 
as well as similar data taken from a paper by Marshall and Snow. 
Even with the New York Power Authority’s figures it is clear that 
for the consumer using less than 600 kwhr per year (and remember 
this may be two thirds of the customers) a distribution cost of 3, 
4, 5, or even 6 cents per kwhr may not be excessive. When it is 
realized that the figures which they present are deliberately low— 
Marshall’s and Snow’s figures being substantially higher and 
probably more nearly the truth—distribution unit costs as high 
as 10 cents per kwhr must be reasonable for the convenient cus- 
tomer who uses perhaps 10 kwhr per month. Jf one has drawn the 
conclusion that the utility companies are exploiting the consumer 
who uses 600 kwhr per year, or more, one must also draw the 
conclusion that they are charitably inclined toward the small 
fellow. An intelligent person, however, draws neither conclusion 
and realizes that such cost differentials are natural and that the 
use of averages is deceptive and must be engaged in with care, 
if at all. 

In conclusion, I wish to reiterate the fact that the utilities keep 
a set of accounts which are as complete and as accurate as those 
kept by any industry and that techniques for making cost deter- 
minations are available and are used. Both facts are well known 
in the profession. 
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Grorce H. Mr. Cooke has recounted the gradual! im- 
provement which has occurred, during the passage of the last 
20 years, in the precision with which it has been possible to state 
the average cost of electrical distribution to urban residential 
customers. There is, and probably always will be, considerable 
variation in this cost as between different utilities, dependent 
upon local conditions and the individual characteristics of manage- 
ment. There is attainable at any one time a most probable cost 
of distribution, based upon the most reliable observations availa- 
ble at the period. At the present time there are available three 
sets of results, totaling 43 cases, which appear to the writer to be 
worthy of inclusion in such a computation. 

From a survey made by the Power Authority of the State of 
New York information is obtained on nine utilities, one being the 
municipal system at Jamestown, N. Y., and the remaining eight 
systems in other states. These nine utilities were surveyed in the 
field by competent engineers, and the costs of distribution indi- 
vidually reported by them were adopted and set forth in the 
Power Authority report. Sixteen New York systems, other than 
at Jamestown, were studied by the same engineers and costs of 
distribution were determined, based upon investments reported 
by them, with operating costs applied such as are deemed attain- 
able under sound management and equitable as regards public 
interest. From the National Power Survey of the Federal Power 
Commission, information is at hand on the cost of distribution 
in 18 systems. 

The costs found by these several agencies are for distribution 
to urban residential customers, and include fixed charges on dis- 
tribution equipment beginning with primary conductors as they 
leave the local distribution substation, to and including the 
customers’ meters, overhead lines only being considered. Fixed 
charges include 3 per cent depreciation expense and 7 per cent 
return on invested capital. Combined taxes and insurance at 
1'/, per cent are included in the few cases in which these items 
were not definitely known or are known not to have been incurred. 
In cases where the tax items were ascertainable they were used. 
Adequate allowance has, in all cases, been made in invested 
capital for construction overheads and general investment, and, 
in the greater number of cases, for working capital. Investments 
are all for undepreciated property. Intangibles, save for such 
expenditures as have actually been made and which should 
properly be acceptable in a rate base, have been excluded. All 
costs of operation, except federal income and excise taxes and 
uncollectible bills, have been included. New-business expense 
appertaining to increasing energy sales has been included, but 
merchandising in electrical appliances has been excluded when 
practicable. The costs of energy lost in the distribution system 
and energy delivered to customers are not included. The average 
cost of distribution per kilowatthour and the average number of 
kilowatthours annually sold to each urban residential customer 
for all of these cases have been collected and plotted in a single 
diagram, cents extending along the horizontal axis and kilowatt- 
hours along the vertical axis. A so-called shotgun diagram has 
thus been produced which exhibits a trend apparently best 
represented by some one of the various hyperbolas implicit in 
the formula 


zr=a-+c/y 


The most probable locus has been determined according to the 
theory of least squares, the requisite being that the sum of the 
squares of the z residuals shall be a minimum. The constants, 
determined on this basis, are a = 0.6733 and c = 1080. 

The probability curve, arrived at as above described, is shown 
in Fig. 4. A list of places where studies were made, which lie 


5 Chief, Distribution Costs Division, National Power Survey, 
Federal Power Commission, Washington, D. C. 
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close to the curve, was chosen as representing the most normal 
conditions. This list comprised 16 studies, as follows: 4, 7, 11, 13, 
17, 19, 20, 22, 23, 24, 25, 28, 31, 33, 36, and 39. 

The average number of kilowatthours used per residential 
customer per year for these places was 810, and the average num- 
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ber of residential customers 39,149, both weighted as to number 
of customers. 

The average values of the elements of cost of distribution per 
customer for the aforementioned places, weighted as to number of 
customers, were: 


Depreciation expense (3 per cent of investment).:.... $2.05 
Return on investment (7 per cent of investment)...... 4.77 
Distribution and maintenance...................... 2.13 
2.30 


The annual average cost per customer and average cost per 
kilowatthour, both weighted as to number of customers, were, 
respectively, $14.80 and 2.11 cents. 

Before computing these weighted averages, one or two items 
under several of the foregoing captions, which were either mani- 
festly excessive or not given at all, were eliminated. The incre- 
mental average costs, as given, are individually typical, but the 
method of their derivation—which is to say, with exclusions 
noted—precludes their sum from being precisely equal to the 
weighted average total cost, namely, $14.80. 

Of the 16 distribution systems, two are municipal, the larger 
of which has taxes in an average amount per customer of 90 cents, 
and the smaller pays no taxes. 


N. E. Funx.* In the introduction to his paper, Mr. Cooke 
makes the statement that the electric power and light utilities 
have not been subjected to serious competition. As engineers, the 
members of this Society know from experience that electric 
energy has always been in competition with other forms of fuel 
for all heat processes, including the production of power in 
isolated plants. They may not, however, realize that this same 
competition also exists in the home. Electric cooking and 
water heating are in direct competition with coal, gas, and oil. 
Moreover, there has always been the necessity of competing for 
the customer’s dollar, as illustrated in the household’s desire to 
spend it for luxuries rather than comfort and convenience in 
the home. 

If, because of claimed ignorance of cost methods, the electric- 
utility industry has been able to reduce the average cost per unit 
of energy to the domestic customer to 62 per cent of the 1913 cost 
in the face of a tremendous increase in taxes, while the cost of 
living has increased to 139 per cent of 1913, passing through a 
200 per cent increase in 1919-1920, it might be deduced that like 
ignorance on the part of the supply industries of other and much 
larger items of the family budget would have been quite helpful. 

Mr. Cooke states that the keeping of generation and trans- 
mission costs are reasonably adequate, but that systematic cost 
finding for the distribution system is especially inadequate. Let 
us look at the facts in the case. The “uniform classification of 
accounts” of the Public Service Commission of the State of Penn- 
sylvania requires 12 main fixed capital accounts for steam- 
generating stations. For practical investment control, these 12 
main accounts are expanded to 52 main and subaccounts for a 
large company. There are 24 commission main operating accounts 
for steam-generating stations which, for a like reason, are ex- 
panded to 128 main and subaccounts—a total of 180 accounts. 
For transmission the total is 119. 

The commission’s accounts prescribe for distribution and utiliza- 
tion, which is a necessary part of delivery of energy, 23 main 


® Vice-President in charge of engineering, Philadelphia Electric Co., 
Philadelphia, Pa. Mem. A.S.M.E. 
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capital accounts and 48 operating accounts, which, in a large 
company, are expanded to 268 main and subaccounts. 

I understand that Mr. Cooke wishes to go further than this 
and include meter reading, construction, and operating overheads, 
taxes, retirement costs, and all other costs connected with dis- 
tribution. If this is true, then it is necessary to add 321 additional 
main and subaccounts expanded from the main accounts of the 
Pennsylvania commission—a total of 589 accounts. 

The Philadelphia Electric Company supplies service in an area 
of 1550 sq miles. In this service territory, with a population of 
more than 2,700,000, are one city of about 2,000,000 population, 
27 communities varying from 5000 to 60,000, and 153 communities 
under 5000 population. This area is served by approximately 
20,000 primary and secondary distribution circuits, exclusive of 
all distribution in excess of 4800 volts and omitting the 2300/220- 
volt network in the center of the City of Philadelphia. If accounts 
were kept by circuits, as suggested by Mr. Cooke, more than 
11,000,000 accounts would be necessary, to which entries would 
be made each month. 

I assume that Mr. Cooke wishes to go one step further, and 
that he suggests that a single circuit be broken into branches. At 
least, he suggests that the current for one circuit delivered from 
the preceding circuit be determined. Anyone’s judgment is as 
good as mine as to what the resultant multipliers for the 
11,000,000 accounts would be. 

The paper further suggests that costs be kept on a unit- 
operation basis, such as digging different types of holes, setting 
poles, backfilling and tamping, guying, etc. It is evident that 
Mr. Cooke does not realize that costs have been kept for years by 
which the efficient use of labor and material can be determined. 
These costs are used by the engineers in making estimates and 
checking construction costs, but the actual total cost for each job 
must be charged into the accounts. Actual costs will vary from 
estimates due to variation of conditions encountered in the field 
from those estimated. If Mr. Cooke is suggesting that accounting 
should be so subdivided, it would mean, for example, that under 
the heading of poles, towers, and fixtures it would be necessary 
for each of the approximately 20,000 circuits to have a separate 
accounting number for such sub-items. On this basis, the 
11,000,000 accounts would be further increased. 

This multiplicity of accounts, however, does not contain an 
allocation of cost to the various classes of service, which is sug- 
gested inthe paper. In order to accomplish this result it would be 
necessary to keep a separate set of accounts for each class of 
service supplied by each of the 20,000 circuits. Conditions on 
each circuit are changing from day to day, which would make 
it necessary to change the distribution of cost between the 
various Classes of service. In this connection, the paper states 
that, when the situation changes, rational changes in allocation 
should be effected immediately. 

What is the object of this minute subdivision of accounts? The 
answer is not in Mr. Cooke’s paper. Evidently not to establish a 
different rate for service from each circuit, because the whole 
trend of state regulation, the policy of the companies, and 
national government pronouncements have all been toward ex- 
tending uniform rates over an ever-widening area. Mr. Cooke 
himself, if I am not mistaken, is an advocate of extending the 
rates for built-up communities into rural areas where the cost 
is greater. 

If Mr. Cooke’s claim is correct that the electric-utility com- 
panies have not developed distribution cost accounting satisfac- 
tory to him because they wish to hide costs, why did he not ob- 
tain from such large public operations as the Ontario Hydro 
Commission, Seattle, and Los Angeles, and present a practical 
cost-accounting system? 

The paper refers to the report made by the Power Authority of 


the State of New York on “The Cost of Distribution of Elec- 
tricity,’”’ and mentions three of the conclusions reached by the 
Power Authority in connection with such costs. 

The method the Power Authority used in arriving at these con- 
clusions should be clearly understood in order that the accuracy 
or inaccuracy of the conclusions may be determined. The Power 
Authority confined its study to 16 selected upstate municipalities 
and the metropolitan area of New York City. The customer 
density in these upstate communities is fairly uniform, the feet 
of wire required per customer varying from a minimum of 119 ft 
to a maximum of 332 ft, thus indicating areas of relatively high 
customer density. The physical property in these communities 
was inventoried by Power Authority engineers and appraisals were 
made by using uniform unit-cost tables, not actual costs. Thus, 
the selection of areas of about the same customer density and the 
use of the same unit-cost table naturally produced results which 
show that the investment per customer in these communities is 
nearly uniform 

In arriving at the portion of the total investment in the distri- 
bution system which could be allocated to residential customers, 
the Power Authority used uniform percentages for communities 
having about the same number of customers; that is, for com- 
munities having less than 10,000 customers, 85 per cent of the 
total investment in the distribution system was allocated to 
domestic consumers. For communities between 10,000 and 25,000 
customers, the factor was 70 per cent, and was graduated down 
to 55 per cent for communities over 100,000 customers, irrespec- 
tive of the actual facts in each case. 

The total annual cost of residential distribution in each of these 
communities was determined by using a uniform percentage of 
investment for fixed charges, together with nearly uniform opera- 
tion and maintenance, commercial, utilization, new-business, 
general, and miscellaneous expense. The amount used for each of 
these expense items was not an average of the actual amount 
reported by the companies serving these communities, but was 
an estimate prepared by the Power Authority, which was less 
than the expense actually reported. 

Thus, with a combination of factors which included selected 
communities of about the same customer density, the use of 
uniform unit-cost tables in appraising the distribution property, 
the use of uniform percentages in allocating a portion of the total 
investment to domestic customers, the use of a uniform percent- 
age for fixed charges, the use of uniform operation and main- 
tenance expenses, and the use of a common denominator of 600 
kwhr annual consumption per customer in all communities, how 
could they arrive at any other conclusions? 

The conclusions result from the assumptions made and not 
from a correlation of facts. It is quite significant, I believe, that 
the Power Authority declined the request of the New York Public 
Service Commission to give further evidence on the details under- 
lying this report. 

Many of the operating companies in the State of New York 
are required to serve areas which are predominantly rural in 
character and in which the customer density is considerably less 
than that in the 16 selected coramunities. For example, the 
Niagara, Lockport, and Ontario Power Company serves an area 
of more than 5000 sq miles, of which less than 70 sq miles is urban 
territory. The amount of distribution wire required to serve this 
area amounts to 1324 ft per customer as compared with between 
119 and 332 ft for the areas selected by the Power Authority. 

The report by the Power Authority dealt with the property and 
operating expenses required for residential service without ade- 
quate consideration of the other component parts of the business. 
An abundant and reasonably priced supply of electricity for 
industrial and other purposes may be considered just as much 8 
social necessity as a supply for domestic consumers. It is essential 
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to consider the business as a whole in each community, in order 
that rate schedules may not be discriminatory and provide service 
to certain classes of customers at less than cost. 

Mr. Cooke states that one of the important conclusions of the 
report was to the effect that the reasonable cost of distributing 
electricity to homes with an average annual consumption of 600 
kwhr does not exceed 2'/, cents per kwhr. Perhaps one illustration, 
out of many that could be made, will suffice to give an indication 
of the results of applying this conclusion. 

If the domestic rate for Lansdale, a municipal system (data for 
which is contained in the report), is reduced to the level claimed 
reasonable in the report, the net reported income of $57,566 will 
completely disappear and, instead, the total revenue will be 
$9000 less than the operating expenses. No taxes are included, 
which private companies must pay, and from which municipal 
systems are exempt, 


Joun H. Wituiams.’ I agree with Mr. Cooke that cost finding 
in the electric industry is not as difficult as in railroading but, if it 
is overall cost as a guide in rate making that is desired, I do not 
agree with him that each concern should develop its own cost 
system. I know the electric industry would prefer not to make 
public their costs in the units in which electricity is sold, but I 
believe they will agree with me that, if costs are to be made public 
and used as a base for rate making, all concerned should use the 
same cost structure and cost-finding procedure. 

I have no illusions as to the possibility of devising any one plan 
that will meet the approval of all concerned, yet the advantage to 
be gained through comparison where all concerns use the same 
system far exceeds the difficulty of making one system that will 
meet the requirements of all concerned. 

Where one standard system is used the concerns using it should 
be free to criticize it, and the regulatory body should consider all 
such criticisms and should change the plan from time to time as 
occasion requires. Also the concerns using the standard system 
should be free, provided they have submitted costs obtained by 
the standard procedure, to submit supplementary figures ob- 
tained in any way they see fit. 

If this plan is carried out, any imperfections that may exist at 
the outset will gradually be eliminated through trial and error, 
and the plan will in time meet all requirements of the situation. 

The difficulty in getting ome system to meet the peculiarities 
of all the different companies is not as great as it would at first 
seem. It merely means that the system must provide for a 
more elaborate procedure than any one company will use. By 
doing this, while no one concern will use the whole procedure, the 
cost in connection with like services will automatically be on s 
comparable basis. 

I am aware that the companies will protest at any such idea, 
but if rates are to be based on cost and the commissioners are to be 
in a position to judge as to the fairness of costs, all costs must be 
subdivided into the same items and arrived at by the same system. 
The only means a commissioner has for judging the fairness of a 
cost is through comparison with other costs. Comparison of 
total costs means very little. Only through the comparison of 
costs item by item, and comparison of differences in the items 
that are affected by differences in services, can the fairness of 
differences in rates due to differences in conditions be judged. 

The fact that there are 48 different state commissions in the 
electric industry might make it difficult to reach an agreement 
upon a standard cost structure and cost-finding procedure. 
Yet, little in the way of help in the matter of rate making need 
be expected from free-lance cost finding on the part of the sepa- 
rate concerns. Comparison of costs as between different con- 
cerns to be effective in determining the efficiency of the various 
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concerns, and the fairness of their rates, must be item by item 
according to items that reflect differences in conditions. 


Hupson W. Reep.® As a consistent advocate of informatory 
cost accounting, I find it extremely difficult to discuss this paper 
constructively. The paper is so general in nature that it is im- 
possible to use it as a basis for building up a constructive cost- 
accounting system which would be of operating value to the 
utilities. Most of the paper is a general attack on the operating 
management of a great industry. Industrial cost accounting is 
not analogous to utility accounting. There is no parallel be- 
tween the repetitive operations performed within the four walls 
of an automobile factory and the divergent and dissimilar opera- 
tions involved in electric distribution. Without qualification or 
discernment the paper questions the ethics of all electric-utility 
management because it does not conform with the author’s con- 
ception of accounting and would lead to the belief that an indus- 
try with 12 billions of invested capital, and almost two billions 
of annual sales, could successfully carry on without a highly in- 
telligent knowledge of its cost of cperation. 

Mr. Cooke tries to create the impression that the electric indus- 
try has done practically nothing in the past and is doing little at 
present, and that what it is doing in the way of developing dis- 
tributing costs, is with ulterior motives and in an extremely un- 
scientific manner. He would further create the belief that the 
industry does not know what its distribution costs are, that 
therefore they cannot be fairly allocated, and that the industry 
is hiding behind this phase of pricing to protect inflated rate 
structures. 

Mr. Cooke states that the private generation of power by 
industrial plants is the only competition faced by the industry. 
What about gas for cooking, water heating, and refrigeration, 
and the ever-constant competition with other commodities and 
services for the customer’s elusive dollar? J 

The effort to create the impression that the electric utilities 
have reached their present high position among the great indus- 
tries by following the line of least resistance, and that the phe- 
nomena! growth of the industry did not require vision, intelligent 
management, and a complete knowledge of cost, must fail to 
impress any clear-thinking engineer. Personally, I believe that 
the electrical engineer would not so far forget his code of ethics 
as supinely to permit inadequate or inaccurate cost keeping to 
act as a deterrent to economical operation. 

Maintaining unnecessarily bigh costs does not mean a higher 
rate of return; the general rule is the opposite to this premise, 
and Mr. Cooke’s reasoning on this point does not appear sound. 

The necessity for commission and court sanction in such mat- 
ters as investment costs and rates precludes the industry from 
running roughshod over sound principles of cost accounting. 

A utility may be privileged to earn a fair return on its invest- 
ment, but neither the regulatory bodies, the courts, nor the public 
guarantee such earnings. Such earnings can be derived only 
through fair rates and intelligent management. 

Expert management, to which cost finding is indispensable, is 
not rare in utility operation. Mr. Cooke’s statement to the 
contrary must come as a shock to the many thousands of utility 
experts who have devoted a lifetime to improving the efficiency of 
electric operation. The consistent reduction in electric rates, 
while the cost of other services and commodities has steadily 
increased, speaks eloquently for itself. 

If the utilities themselves are incapable of determining, or dis~ 
honest in arriving at, correct costs, then the regulatory bodies and 
the courts must be in the same category. Nothing aside from 
direct collusion with these agencies would permit such a condi- 
tion as stated in the paper. It is inconceivable that all ac- 
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countants and engineers associated with utility operation and 
regulation are either knaves or fools. The law of averages is 
such that at least a few of them should be normally honest and 
intelligent. 

This paper does not differentiate between cost accounting 
and cost allocation. It states that the cost of generating elec- 
tricity is accurately measured and is relatively simple—kilowatt- 
hours at the bus bar. It does not state, however, that there has 
never been a plan advanced for the allocation of the bus-bar 
cost to classes of service, which has received general acceptance 
either within or without the industry. 

In the past five years, class of service demand and use of 
electric energy have materially changed several times. In 
what manner could rates have been correspondingly adjusted in 
each instance? 

Mr. Cooke has advanced no practical plan for allocating dis- 
tribution costs. Why? Because of the total cost of the dis- 
tribution system, not more than 20 per cent can be directly 
charged to specific classes of customers; not more than 25 per 
cent can be allocated with a fair degree of accuracy; and at least 
55 per cent must be allocated on a purely arbitrary basis, de- 
pending partly on local conditions and partly on individual 
judgment. And Mr. Cooke suggests that such a system of ac- 
counting be developed which will make such allocated costs 
standard, comparable, and continuous! 

The practice followed by manufacturing plants where indi- 
vidual operations are continuous and repetitive cannot be used 
effectively for determining electric-distribution costs. Dis- 
tribution costs are subject to the elements of nature, and the 
diversified requirements of more than 20 million customers. 
It is not stated in what manner the machining of a bearing is 
similar to the replacement of a broken insulator; the assembling 
of a cylinder block to the digging of a hole; nor the machining of 
screws to the many difficulties and variations in collecting delin- 
quent accounts. I cannot see how such divergent factors can be 
made comparable. 

The planning possible in an automobile plant, where the time, 
place, and procedure can be exactly predetermined, is not appli- 
cable for the resetting of a broken pole or the installation of an 
additional transformer. The many variables encountered in 
such work do not lend themselves to such detailing. Few custo- 
mers would graciously tolerate a prolonged service interruption 
to permit such impractical planning. Progress in the electric in- 
dustry has been made through planning consistent with the 
problems inherent in it. 

Mr. Cooke must know that detailed costs of a practical nature, 
in which the efficiency of both labor and material can be ac- 
curately determined, are kept to an extent that they occasionally 
become burdensome, and that such records have been routine for 
years. 

There is entirely too much emphasis placed on the cost of 
operating the distribution system. Such costs constitute a com- 
paratively small part of the total distributing expense. The cost 
of meter reading, billing, and collection alone is in excess of the 
total operating and maintenance of the distribution system. 

Mr. Cooke has stated that the determination of the cost of 
distributing electric energy is extremely complicated. We in the 
industry agree with his statement. But why has not some 
municipal, state, or federal agency developed Mr. Cooke's ideal 
system of utility accounting? There must be a reason. I have 
carefully searched the report of the New York Power Authority, 
prepared by the twenty-odd engineers, accountants, and econo- 
mists, and have not found even a psychic suggestion for such a 
system of accounting as advocated by the author. Surely with 
the unlimited money and personnel at the disposal of the Power 
Authority it would seem that such recommendations should 


have been made were they practical. The studied silence in the 
report on this subject speaks for itself. 

As field man for Day & Zimmermann, when the cost-accounting 
practices in the Penn Central Light & Power Company were re- 
vamped, I should be qualified to compare the 1912 cost-account- 
ing practice with that of today. The methods used then for cost 
keeping and the allocation of cost to classes of service, were 
primitive and inadequate. In many instances the small domestic 
customer was assessed equally with the large power customer. 
Our cost work in 1912 was considered revolutionary at that time, 
but it can no more be compared with present practice than 1912 
model automobiles can be compared with the cars of today. 

It is difficult to understand why Mr. Cooke would condemn 
the practice of special cost studies when carried out by the pri- 
vate utilities, while, on the other hand, such special studies as 
his various papers on the cost of distribution, and the New York 
Power Authority’s Report, are used to substantiate his wishful 
estimate on the cost of distributing electric energy. 


Water N. Potakov.’ The Electric Industry is distinct 
from most other industries in that it embraces three business 
functions ordinarily performed by different organizations—those 
of manufacturing, wholesaling, and retailing. This fact is largely 
accountable for the lack of clear-cut separation of costs among 
these three stages of business. 

Production of electric current, comparable to any manufactur- 
ing enterprise, follows an accepted method of cost keeping, 
although even in 1916 at the time of my presentation before this 
Society of the paper on “Standardization of Power Plant Operat- 
ing Costs,”’ J. W. Lieb and others admitted “that there is still 
adequate room for the standardization of production costs.” 

High-tension transmission and delivery at the low-tension 
side of the substations, comparable to the wholesale business 
including transportation, shrinkage, and breakage in transporta- 
tion, has not been analyzed as to cost structure with the same 
care as the bus-bar or switchboard costs. 

Distribution of electricity to retail consumers, comparable to 
retail merchandising, which receives the goods from the whole- 
saler and delivers to the ultimate consumer through the estab- 
lished delivery routes, is a stage which now demands full attention 
as to its cost structure. 

These three component parts of the cost of electricity, corre- 
sponding to f.o.b. factory (bus-bar cost), at the shipping plat- 
form of the warehouse (at the low-tension side of the substation) 
and retail price to the customer delivered to the door, postage 
prepaid (at the customer’s meter), shouid be clearly and carefully 
separated. 

For such a differentiation there are at least two good reasons: 
(1) To disabuse the mind of the customer that he is overcharged 
or that he is forced to subsidize some more privileged consumers; 
and (2) to help allocate and eliminate such losses in each stage 
of the entire business transaction as may be mistakingly charged 
where they do not belong. 

Assume now, that in the electrical industry there are three 
independent business concerns: X generates electricity and sells 
it at the bus bar; Y buys it and resells it at the low-tension side 
of the substation: Z buys it at the distributing substation and 
retails it to the individual consumers. Each would have its engi- 
neering and accounting problems. Suppose further, that the 
commodity under the given conditions costs n; then, by eliminat- 
ing losses and wastes by whatever means, the cost becomes 
n—l =m. 

Observe that in distribution these loss elements of cost are sig- 
nificant, but what is of utmost importance, they are entirely 
independent of losses in generation and transmission. In other 
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words, by reducing J; in distribution the /, in transmission and J; in 
generation are not reduced. 

Consequently, the reduced cost of the ultimate distribution of 
a given quantity cannot have any salutary effect on the cost at 
any previous stage of business, whether on the cost of current at 
the bus bar or at the distributing substation. In other words, 
a greater density of customers per mile of rural secondary lines 
or a smaller investment, does not reduce the cost charged to the 
municipality which buys the given bulk at the substation or to 
a manufacturing concern which buys the current at the switch- 
board. 

Conversely, any reduction of cost that is made at an earlier 
stage may have its salutary effect on the subsequent consumers 
connected beyond these points on the transmission or distribution 
lines. 

Hence, Mr. Cooke’s point that in the cost finding it is impor- 
tant to all concerned clearly to differentiate the distribution cost 
before and after reaching the low-tension side of the substation 
is both logically correct and practically of utmost importance. 


Crayton W. Pixe.'® Mr. Cooke’s paper consists of a state- 
ment of the lack of information concerning the cost of distribut- 
ing electrical energy as compared with the situation concerning 
the cost of generating and transmitting electrical energy, and 
since the distributing generally costs more than the sum of the 
generating and transmitting figures, the great desirability, not 
to say great necessity, of information concerning the distribu- 
tion cost is evident. 

This is followed by an explanation of the present lack of 
knowledge largely due to the comparative freedom of the indus- 
try from competition, and a plea for the installation of cost- 
keeping methods which will not only aid the commissions in the 
fixing of rates, but will also contribute to lowering the cost of 
distribution by enabling and inducing economies in management. 
That these economies will more than equal the cost of a suitable 
cost-finding system is plainly stated, and some valuable hints 
are given concerning the character of the system, i.e., that it 
should be based upon units as well as, in some cases, job costs. 

It is pointed out that with accurate unit costing, the alloca- 
tion of general, joint, or overhead costs would be much more ac- 
curate than is now the case. 

Practically nothing had been published on the cost of distribu- 
tion until about ten years ago, and then but very little. The 
papers of Colonel Kelly and Messrs. Marshall and Snow were 
valuable attempts by the industry to supply a badly felt need, 
but were each based upon one company only. The Power 
Authority of the State of New York, in order to comply with the 
provisions of the law creating it, had made an extensive study of 
the costs in New York State. This was largely based upon the 
reports of the New York utilities to the Public Service Commis- 
sion of that state. This was a much broader study than had 
been hitherto made, although it was based upon conditions in 
one state and was limited to the average cost for an average 
domestic consumer. 

In considering the cost of distribution for such consumers it 
was stated that there were many different conditions in different 
places which affected the cost per customer, but that some of 
these balanced each other and that there were but three impor- 
tant variables, namely, length of wire, usage, and percentage of 
line underground. This fact was strongly confirmed by Samuel 
Ferguson in his discussion of the report. 

An equation was proposed to express how these variables 
affected the cost. It had the form W = az + by + cz, where 
W = cost of distribution per average customer, = $65 + $0.05 
(kwhr —550) + $0.08 (feet of conductor —500) + 0.65 X feet 
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of underground conductor for the average customer in New York 
State. 

Two principal criticisms have been offered of the results of this 
report: 

One by a representative of the Philadelphia Electric Com- 
pany, who, by making two absurd assumptions, namely that the 
length of distribution wire and usage in kilowatthours per year 
were zero, caused the result of the equation to be absurd. 

The other was by Robert T. Livingston, who criticized the 
use of the ‘“‘mean”’ instead of the “mode.” As a matter of fact, 
to obtain the mode would require a mass of information that 
only the companies could furnish, and moreover, Mr. Seechrist, 
who is a writer on statistical science, says that as the numbers 
in a series increase the ‘‘mode”’ tends to coincide with the “mean.” 
As the number of figures in the series necessary to get the mode 
would be enormous, this criticism, even if otherwise warranted, 
would seem to disappear. 

lf for no other reason, this paper by Mr. Cooke is valuable 
because it set up a separate item, subtransmission. Some have 
tried to make a distinction by voltage—everything below a cer- 
tain voltage is “distribution,” everything above is “transmission.” 
The difficulty is that a change in the art may cause a change in 
voltage. 


Kine Hatsaaway.'! A method of cost finding, incorporated 
as an integral and routine part of a whole system of utility ac- 
counting such as that advocated by Mr. Cooke, would seem to 
offer great advantages over prevailing practice. To successful 
industrial management this type of accounting is generally re- 
garded as being essential and almost indispensable. Utility 
management would no doubt be the first to benefit and in the 
greatest degree, but experience indicates that what is beneficial 
to management is also beneficial to all other parties concerned. 

Intelligent management is essential to the success of any per- 
manently established industry. Facts, not isolated and un- 
related, but complete and correlated are essential to intelligent 
management. The same may be said with respect to regulation. 
It may be significant that the organization which some twenty- 
five years ago was the first to develop and apply as an integral 
part of its general accounting, the kind of cost finding to which 
Mr. Cooke refers, was preeminently successful in the operation 
and building up of the companies entrusted to its management. 

Such contacts as I have had with utilities have not led me to 
believe that there is any tendency to lie down on the job, to 
countenance flagrant inefficiency, and make up for high costs by 
padding so-called “fair investment.” My contacts have, how- 
ever, been only with what Mr. Cooke would class as “ethical”’ 
companies. One may, nevertheless, question the wisdom of 
either limiting or guaranteeing profits on a basis of investment, 
which should be only one of several governing factors. In- 
creased profits arising from increased efficiency over and above 
the present permissible figure might well be desirable, provided 
they might be equitably divided between owners, consumers, 
and those engaged in utility management and operation. 

That costs of electricity to the consumer have, in the face of 
rising taxes and wages, come down while the cost of other essen- 
tials has gone up, speaks well for the efficiency of utility manage- 
ment. It would appear, however, that much of this reduction in 
cost has been due to engineering advancement and that in a 
large degree it has been brought about in those fields of operation 
for which, as Mr. Cooke states, the accounting methods provide 
accurate measurement. It is difficult for any one who has ex- 
perienced the benefits of the kind of accounting under discussion 
to understand why it has not been generally adopted by the 
utilities. Mr. Cooke suggests several possible reasons. 
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I doubt, however, if the main reason for the failure of utility 
management to espouse a system of fact-revealing cost account- 
ing may be, as Mr. Cooke puts it, a “fear of more effective regula- 
tion.” My own opinion is that such hesitation may be due 
more to fear that facts so brought out might be unintelligently 
used by regulatory bodies and result in unreasonable, if not un- 
fair, regulation. It would seem reasonable to suppose that to be 
more effective, regulation must be fair to all parties; and that de- 
pendable facts would greatly aid in reaching sound decisions, and 
in avoiding time-wasting controversy. Such accounting methods 
as Mr. Cooke proposes would, no doubt, contribute to the attain- 
ment of these objectives. They might also aid the utilities in 
promoting consumer good-will through better understanding of 
conditions with which utility management must contend. How- 
ever, speculation as to what the effect of such accounting might 
be in dealings with regulatory bodies, or in the field of public rela- 
tions, tends to becloud the question and to distract attention from 
its value and importance as a tool of management. 

Almost every manufacturer has certain products which he is 
obliged, for one reason or another, to sell at little or no profit, de- 
pending upon others to make up for such loss. This may also be, 
and probably is, true of the various classes of customers served by 
a utility—or with respect to certain customers within a given 
class. It is quite possible that some consumers would be found 
to be paying too much while others pay too little, if judged solely 
by present actual cost of service. I should not be surprised if the 
facts were to show that certain classes of customers who now 
pay the highest rates actually get service for less than a properly 
arrived at cost, while others paying lower rates provide the most 
profitable business. 

It is not probable that selling prices can or should ever be ad- 
justed in fixed relation to cost in the utility field any more than 


they can in industry. As Mr. Cooke points out, cost is but one of 
a number of factors. 

While the competent manager of a manufacturing concern 
may accept the fact that he must sell some products for less than 
his complete cost, he will not look upon such a condition as un- 


changeable. If his accounting system keeps the facts con- 
stantly before him, he will see that something is done to improve 
it, and in a surprising number of instances such efforts will meet 
with success. 

Accounting alone will not cure the ills which it may bring to 
light any more than will diagnosis without medicine or surgery 
cure those of the body. Costs should not only indicate unsatis- 
factory conditions and opportunities for improvement, but they 
should enable measurement of improvement or the reverse, 
and what is of greater importance, they should enable measure- 
ment against properly predetermined standards of performance. 
Just as costs are but one factor in the determination of selling 
prices, so is accounting but one essential feature of good manage- 
ment. The success of the organization which was the pioneer in 
applying the type of accounting in the utility field was not solely 
due to accounting. However, other important features of its 
system of management were largely dependent and closely 
connected with the cost-finding methods. The nature of these 
correlated features is all too briefly indicated in the six paragraphs 
composing the section of Mr. Cooke’s paper under the heading 
“Some Aspects of Technique.” Engineering seems to have 
played a great part in bringing about the remarkable progress 
that has been made in the generation and transmission of power. 
Is it not reasonable to suppose that engineering of another kind— 
management engineering—which has contributed so much to our 
industrial progress, might bring about equally important progress 
in the field of distribution? 

As Mr. Cooke suggests, another reason for failure to adopt 
this kind of accounting may be fear of the complexity of the 
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problem. In some degree this may be a consequence of a less 
intimate knowledge on the part of those at the top who control the 
utilities, with the multifarious activities involved in distribution, 
than they have of finance and of generation and transmission. 

A similar situation is frequently found in industrial manage- 
ment and yet experience has taught us that in a manufacturing 
business scientific management, of which the type of accounting 
under discussion is one essential element, effects the greatest 
savings where the nature of the products and the work involved 
in their production are most varied and variable. For example, 
in a general machine shop largely engaged in the building to 
order of special machinery, it is not unusual to ubtain an increased 
output of from 50 to 100 per cent from the same plant and number 
of employees. On the other hand, in a simple repetitive business 
the maximum gain that can be hoped for might be only 10 to 20 
per cent. To be sure, the complexity of the former offers a 
more difficult problem, but a proportionately greater oppor- 
tunity. Generation and transmission of power may be likened 
to industrial mass production of a single product while distribu- 
tion is in many respects comparable to the business of building 
special machinery. 

Mr. Cooke mentions the fact that Mr. Day’s organization was 
obliged to set up its accounts in three different ways. May it not 
well be that still another obstacle to an acceptance and adoption 
of better accounting in the utility field lies in the uniform systems 
of accounting and the classifications prescribed by the utility- 
regulating commissions, all of which are copies of the original 
model? One may wonder why the bodies which are in a position 
to prescribe classifications and systems of accounts content them- 
selves with such antiques. 

As Mr. Cooke says, the problem is complex; the working out of 
such an accounting system does present difficulties, but none of 
them is insurmountable. It is not something that each com- 
pany should work out for itself, although I am sure that any 
single company would find it profitable to do so. Mr. Cooke’s 
suggestion that such work be undertaken by a central agency 
seems sound; there may, however, be some question as to whether 
this might best be done by a governmental agency at public ex- 
pense or by an agency jointly established by the regulating bodies 
and the utilities. 

One prime essential to progress along the lines of Mr. Cooke's 
paper has long impressed me as being in too great a degree lack- 
ing—that is, an understanding confidence in each other between 
the owners and managers of utilities on the one hand and those 
representing the public. Such confidence is essential to effective 
cooperation in the interest of all parties. The presentation and 
discussion of such papers as this should be helpful to this end. 


Sanrorp E. THompson.’*? The two prime objects of cost 
finding as Mr. Cooke suggests are its use as a tool of manage- 
ment and as one of the guides to pricing. 

But even with the best of intentions cost accounting provides a 
record of what has been done rather than a guide to that which 
should be done. Therefore, unless the information is of such a 
form and is so handled that it can be used as a measure for future 
accomplishment, it is evident that its findings are valueless from 
the standpoint of real operating effectiveness, except as they form 
a rough guide to use of the “big stick’”’ in censuring the depart- 
mental heads or foremen. 

To be really useful, therefore, in the reduction of costs of 
operation, or of maintenance, or of construction, the costs must 
be converted to such a form as to be actually standards of produc- 
tion. This is an engineering problem rather than an accounting 
one. For example, very often a cost value—and this is par- 


12 President, Thompson & Lichtner Co., Inc., Boston, Mass. 
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ticularly true of labor time—which is selected as an average or 
even as a minimum of past accomplishments is found by engi- 
neering analysis of the operation, studied from actual perform- 
ance, to be possibly two or three times the cost that ought to be and 
that can be maintained in regular practice. The speed of per- 
formance may be uniformly too slow, or the methods capable of 
great improvement, or the work so poorly planned as to involve 
unnecessary delays. 

On the other hand the cost records are essential even with the 
best ef standards to show whether or not the standards are being 
maintained. At the same time with adequate standards the de- 
tail labor of maintaining job costs can usually be eliminated, 
but the tie-in between standards and accounting costs must be 
sufficiently close so that the sums of a group of standard costs can 
be compared with the totals of the same group of actual costs. 

The establishment of standards, then, as an engineering func- 
tion is one of the most important features of managerial re- 
sponsibility. Of still greater importance is the utilization of the 
standards after they have been set. Even in many manufactur- 
ing establishments of high reputation the standards which have 
been developed at appreciable time and expense are utilized 
scarcely at all, while in construction or maintenance operation, 
where recurring jobs are apt to differ materially, the practical 
use of the standards is still less common. This lack of effec- 
tiveness is usually due to one of two reasons; either the units of 
whick the standards are formed are not sufficiently elementary 
to be adapted to varying operations or their use in control of the 
work is entirely neglected. 

Standards of production, it follows, are for three purposes: 

(1) To compare actual! past performance with the perform- 
ance that should have been carried out. 

(2) To predicate in advance the performance that should 
be expected and serve as a measure of expected accomplishment. 

(3) To use in planning the work to avoid loss of time, obtain 
the proper sequence of jobs, and particularly to guarantee correct 
time of completion. 

In thus emphasizing the engineering functions it is not with 
the intention of minimizing the value of cost recording as an ac- 
counting feature. As has been indicated, engineering analyses 
and accounting procedures are essential in good management and 
complement each other. As a matter of fact, costs, if recorded in 
workable units, can often be used through a selective process 
as a basis for the establishment of rough or temporary standards 
of performance or budgets which, im turn, can be utilized in 
practice as a measure of expected accomplishment in reducing the 
cost of the work. 

With the demand, so popular at present, for rate reduction 
the opportunities for cost reduction in operations that are out- 
lined in Mr. Cooke’s paper cannot afford to be overlooked. 

In this discussion, while emphasis has been placed upon the 
labor items of expenditure, the same principles of the importance 
of standards to utilize in maintaining lowest possible costs ap- 
ply to nearly all items of expense and predicate possibilities for 
cost reductions of appreciable magnitude in the conduct of the 
utility-company management. 


AvutuHor’s CLOSURE 


This paper being devoted to the engineering subject of finding 
the costs of distributing electricity, i.e., of carrying the current 
from the low-tension side of the distribution substation through 
the customer’s meter, both the cost of the current and rates are 
foreign to the topic assigned to the author. 

Professor Ennis properly calls attention to the bearing of the 
reproduction-cost-new method of valuation on cost-finding. 
With plant and equipment items varying from day to day in 
assigned value, comprehensive cost finding that includes the 
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influence of capital charges is, of course, impossible. This is 
just one aspect of the price being paid for using reproduction- 
cost-new rather than actual cost in valuation work. On the 
other hand, the method of valuation does not affect the finding of 
current out-of-pocket costs. Twenty years ago Charles Day 
kept his accounts three ways to meet the requirements of (1) the 
business-and-banking world, (2) the Pennsylvania Public Ser- 
vice Commission, and (3) his own managerial necessities. Per- 
haps some such emergency technique can be devised to meet the 
difficulty imposed by current valuation methods. Given a 
basic structure of actual costs, adjustments could be made to 
reflect the influence of whatever theory of valuation is in vogue. 

All occasional cost studies, as contrasted with costs drawn 
currently from the books, are suspect irrespective of who makes 
them and what their purpose. But where such studies have been 
made in as simple a field as that under discussion over a long 
period and by fairly uniform methods, and the end results have 
decreasing factors of variation, such studies are entitled to con- 
siderable respect. In the author’s opinion it may be many years 
before the industry decides to determine electric-distribution costs 
with any greater accuracy than that indicated, for instance, in 
Mr. Morse’s discussion and chart shown in Fig. 4. Much as we 
need and would value distribution costs taken currently from the 
books of the industry, in their absence we can be grateful for the 
results of such painstaking cost studies as are outlined in the 
latter part of the paper under discussion. 

Several important misunderstandings are revealed by the dis- 
cussion. Neither the number of accounts set up in a company’s 
books nor the number of items in the “Uniform Classification of 
Accounts” are measures of the accuracy of a cost-finding system. 
The author would expect the introduction of modern costing 
methods to reduce very greatly the number of such accounts. 
On the other hand, there would have to be more precise identifica- 
tion of the components of cost on operating documents for subse- 
quent consolidation by an economical computing-machine tech- 
nique. Again it has been fully established through the cost 
studies already made that the allocations in electrical distribu- 
tion will be relatively simple compared with those encountered 
in many other industries where costing is practiced. Costing 
will inevitably result in simplification of rate structures now ad- 
mittedly too complicated for good public relations. 

Does the electric industry keep costs in units suitable for the 
computation of overall costs in the units in which electricity is 
sold? They of course keep costs in units suitable for expense 
control but this is not the kind of costs with which the author is 
concerned at the moment. Perhaps, the best answer that can be 
made to this is the fact that after 30 years of regulation by public 
authority and hearings on thousands of cases, costs in units in 
which electricity is sold at retail and by classes of service have not 
once been in evidence. The “Uniform Classification of Ac- 
counts” makes no disclosure of costs in their relation to sales 
units. No public-service commission has sought to impose such 
cost-finding techniques. Routine costing has heretofore been 
held to be a responsibility of management lying entirely outside 
the authority of regulation. 

If and when overall costs come to be used in the electrical 
operating industry, the process by which they are determined 
will be relatively simple and quite within the understanding of 
laymen. Statistical erudition and complicated formulas are not 
the answer. If in doubt about this read Stephen Leacock’s 
“Through a Glass Darkly.’’!* 

There are at least three routes by which cost-keeping can be 
developed in this industry: (1) One or more companies can 
make the development on their own initiative, (2) a bureau 


13“Through a Glass Darkly,” by Stephen Leacock, Aélantic 
Monthly, vol. 158, July, 1936, p. 94. 
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might be set up by the industry to engineer the work on an indus- 
try-wide basis, or (3) some agency of government such as a Public 
Service Commission might prescribe the rules and see to their 
enforcement. The author had doubted the feasibility of the 
latter. Therefore, he is interested in what Mr. Williams had to 
say with reference to cost-finding in the railroad field, namely, 
that cost-finding for rate making can be carried on effectively 
only through the use of the same rate structure and cost-finding 
procedure by all concerned when submitting evidence before 
regulatory bodies. He goes on to say that while the proposed 
procedure should be rigidly adhered to in computing such 
costs, provisions should be made so that objections could be made 
to any feature of it, and the regulatory body would consider 
such objections and modify the plan from time to time as oc- 
casion may make desirable. He claims that this is the only 
way through which the imperfections which will exist at the out- 
set of any plan can be dealt with satisfactorily. Mr. Williams’ 
recent report'* on railroad cost-finding is a brief and able dis- 
cussion of practically all questions affecting general utility cost- 
finding. 

The author takes this opportunity to thank the Society for its 
part in making a start on the engineering literature of this im- 
portant subject. He is also grateful to the engineers who dis- 
cussed the paper. 


Measurement of Gas Temperature in 
an Internal-Combustion Engine’ 


B. Lewis? anp G. von ExBe.* The writers agree with Mr. 
Hershey’s conclusions regarding the relative merits of the dif- 
ferent methods of determining flame temperatures. 

Reference by the author to the work of Minkowski, Miiller, 
and Weber-Schafer‘ prompts the writers to make the following 
remarks: The difficulties experienced by Minkowski, Miller, 
and Weber-Schafer in accounting for their observed equilibria 
between Na atoms and NaOH are probably due mainly to the 
very meager knowledge one has of the chemistry of sodium com- 
pounds in flames. It is conceivable that knowledge also of the 
equilibrium between Na and Na,O would lead to a satisfactory 
coordination of their observed results. The significance which 
they place on the observation by Kohn® that the line-reversal 
temperature of flame gases close to a heated wire is somewhat 
lower than the temperature at the same point when the wire is 
removed, may be questioned when it is considered that this may 
be due simply to a hydrodynamic disturbance by the wire, 
namely, the slowing down of the linear gas velocity. As pointed 
out in the discussion of Hottel and Smith’s* paper, this would 
lead to a lowering of the temperature in the presence of the wire. 


14 ‘*Report on Cost-Finding in Railway Freight Service for Regula- 
tory Purposes,’’ by John H. Williams, issued by Federal Coordinator 
of Transportation, Washington, D. C., June, 1936. 

1 Published as paper PRO-58-2, by A. E. Hershey, in the April, 
1936, issue of the A.S.M.E. Transactions. 

2 Physical Chemist, Pittsburgh Experiment Station, U. 8S. Bureau 
of Mines, Pittsburgh, Pa. Discussion published by permission of the 
Director, U. 8. Bureau of Mines. 

3 Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. é 

4“Uber die Bestimmung der Ubergangswahrscheinlichkeit der 
D-Linien des Natriums aus absoluten Helligkeitsmessungen, die 
Dissoziation von Natriumsalzen und die Halbweite der D-Linien in 
der Leuchtgas-Luftflamme,”’ by R. Minkowski, H. G. Miller, and 
M. Weber-Schifer, Zeitschrift fur Physik, vol. 94, 1934, pp. 145-171. 

5“‘Uber das Wesen der Emission der in Flammen leuchtenden 
Metalldampfe,’’ by H. Kohn, Annalen der Physik, vol. 44, 1914, pp. 
749-782. 

¢ Discussion by B. Lewis of the paper ‘Radiation From Non- 
luminous Flames,” by H. C. Hottell and V. C. Smith, Trans. 
A.S.M.E., vol. 58, April, 1936, p. 246. 
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Kohn’s proof of the validity of the line-reversal method remains 
unshaken. 

The correct thermal data which should be used for the 
calculation of flame temperatures are those determined from 
spectroscopic measurements and calculated by means of quantum 
statistics. It is not correct to employ values of specific heats 
calculated from Planck-Einstein functions because these neglect. 
the anharmonicity of the vibrational levels. Of even more 
importance, however, are the equilibrium data, some of which 
were unknown at the time Goodenough and Baker calculated 
flame temperatures. One has available today accurate values of 
specific heats and equilibrium constants’? which are not at all 
being used by engineers. Since these thermal data and the 
general method of calculating ideal flame temperatures, flame 
volumes, and explosion pressures appear not to be known gen- 
erally, the writers hope to publish this in the near future. How- 
ever, the writers have published® part of this material in the units 
of degrees centigrade, calories per mole, and atmospheres. 


Heat Transmission in Steel Reheating 
Furnaces’ 


J.D. Kewier.? To the best of the writer’s knowledge, the first 
thoroughgoing analysis of continuous furnaces was that made by 
Professor Trinks** about 1919. Since that time, numerous at- 
tempts have been made, especially by British and German engi- 
neers, to improve the calculation methods for this type of furnace. 
In the third edition of Trinks’s ‘Industrial Furnaces,’’® the writer 
revised the method, and believes that it is the only one in which 
all of the conditions which affect the heating are taken into ac- 
count. However, it is a section-by-section method and is un- 
deniably tedious in the extreme. The authors’ attempt to devise 
a simplified method in which the furnace can be considered as a 
whole rather than in sections appears to have been as successful 
as it is commendable. They have evinced great ingenuity in 
surmounting the difficulties necessarily encountered. 

However, the writer believes that to treat the continuous fur- 
nace simply as a counterflow heat exchanger (similar to a re- 
cuperator) necessitates over-simplification and the neglect of 
some features which are of sufficient importance to cause very 
considerable differences in the operation of otherwise similar 
furnaces. The chief of these are: 

1 The fact that in most furnaces not all of the heat of com- 
bustion has been developed when the hot gases first come into 


7 Capacities and Dissociation Equilibria of Gases,’’ by B. 
Lewis and G. von Elbe, Journal of the American Chemical Society. 
vol. 57, January-June, 1935, p. 612; July-December, 1935, p. 2737. 
Also: ‘‘The Heat Capacity of Oxygen at High Temperatures From 
Ozone Explosions and the Energy of the 'A Level of the Neutral 
Oxygen Molecules: Corrections for the Temperature Gradient in 
Explosions,’’ by B. Lewis and G. von Elbe, Journal of the American 
Chemical Society, vol. 57, July-December, 1935, p. 1399. 

8 ‘Anomalous Pressures and Vibrations in Gas Explosions. De- 
termination of the Dissociation Energy 2HxO — 20H + Hh,” by 
B. Lewis and G. von Elbe, Journal of Chemical Physics, vol. 3, 1935. 
p. 63. Also: ‘Remarks on the Experimental Determination and 
Theoretical Calculation of Flame Temperatures and Explosion Pres- 
sures,’ by B. Lewis and G. von Elbe, Philosophical Magazine, vol. 
20, 1935, p. 44. 

1 Published as paper PRO-58-1, by J. E. Eberhardt and H. C. 
Hottel, in the April, 1936, issue of the A.S.M.E. Transactions. 

2 Carnegie Institute of Technology, Pittsburgh, Pa. 

3‘‘Heating Furnaces and Annealing Furnaces,” by W. Trinks, 
The Blast Furnace and Steel Plant, vol. 7, 1919, pp. 69, 98, 134, 171, 
215, 294, 321, 390, 423, 490, 539, 583. 

4 “Industrial Furnaces,” by W. Trinks, John Wiley and Sons, 
Inc., New York, N. Y.., vol. 1, first edition, 1923. 

’ ‘Industrial Furnaces,’”’ by W. Trinks, John Wiley and Sons, 
Inc., New York, N. Y., vol. 1, third edition, 1934. 
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contact with the charge, but part of it is developed by combus- 
tion continuing to some extent in the gases as they pass toward 
the cold end of the furnace. 

2 The limitation of all of the authors’ test results to furnaces 
with nonluminous flames of premixed gases, whereas probably 
the majority of furnaces work with at least partly luminous 
flames, in which the emissivity varies much more widely and 
unpredictably along the length of the flame than is the case with 
clear gases. 

3. The neglect of the recalescence or latent-heat effects occur- 
ring in iron and steel at around 1400 F. 

The extent to which these factors influence the results can be 
judged from the temperature curves given in “Industrial Fur- 
naces,’’5 pages 172 to 184, inclusive. 

Other influences which must in some cases be considered are: 
Endwise radiation, i.e., from the hot end toward the cold end of 
the furnace; in end-discharge furnaces, the convective cooling 
of the charge by cold air which is drawn in (often in surprisingly 
large quantities) at the discharge doors by the stack effect of the 
sloped hearth; “channeling’’ of the hot gases under the roof of 
the furnace, if this is arched across the width; heat losses to 
water-cooled skids; change of specific heat of steel, which in- 
creases more than 50 per cent from room temperature to 2200 F; 
and temperature difference in the charge when thick material is 
being heated. 

It would be interesting to know whether the authors have con- 
sidered the possibility of integrating their Equations [6a] and [8] 
analytically rather than graphically. For an equivalent case in 
which 7’, was constant, the writer obtained an expression con- 
taining log and tan~! terms.* By substitution from Equations 
(6] and [7] either 7’, or T'¢ could be eliminated from Equations 
(6a] or [8], but by doing so a constant term would be introduced 
which may prevent integration except in series. 

The use of theoretical flame temperature for 77; in Equation 
{9] appears decidedly questionable, since the actual flame tem- 
perature is seldom within 500 F of the theoretical value. How- 
ever, it must be admitted that no better procedure can be sug- 
gested, in view of the meager knowledge of speed of combustion in 
actual furnaces. Heiligenstaedt’ has attempted to calculate 
the rise and fall of the flame temperature by making certain 
assumptions as to the combustion rate, but these appear to be 
based on no experimental data, and hence must be regarded 
as highly questionable. 

The authors’ grasp of the practical operating conditions of 
continuous furnaces is evidenced by their treatment of the effect 
of irregularity of operation, which indeed is probably the most 
important factor affecting both capacity and economy. One 
might suggest that, for any given schedule of operation and shut- 
downs, it would be possible to calculate the output and fuel 
consumption with considerable accuracy by a combination of 
the graphical methods given by Hausen® and in “Industrial Fur- 
naces,”’> pages 93 to 111, inclusive. In view of the variability of 
schedules, however, the division of regularity of operation into 
three broad classes as done by the authors is undoubtedly the 
best procedure for most cases. 

The curve of efficiencies versus furnace length, given in Fig. 
5 of the paper, is especially good. However, two things should 
be noted; First, that great length in itself is no guarantee of 
high efficiency, as this depends on specific heating rate in lb per 


‘The Time Required for Heating Steel,” by J. D. Keller, Heat 
Treating and Forging, Oct. and Dec., 1934, pp. 487-490 and 586-590. 

7 “Rekuperatoren, Regeneratoren, Winderhitzern. Die Wiirme- 
riickgewinng in Industriellen Ofenanlagen,” by W. Heiligenstaedt, 
L. Spamer, Leipzig, Germany, 1931, pp. 54-76. : 

* “Naherungsverfahren zur Berechnung des W‘irmeaustausches in 
Regeneratoren,”” by H. Hausen. Zeitschrift fiir Angewandte Mathe- 
matik and Mechanik, vol. 11, April, 1931, pp. 105-114. 
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sq ft per hr and therefore the curve is only correct for one definite 
rate of through-put; second, the position of the curve would 
certainly be different in furnaces with luminous flames, or with a 
different amount of wall loss. A further step would consist in 
plotting (a) thermal efficiency and (6b) temperature of gases 
leaving the furnace against specific heating rate. In any case, 
not too much reliance should be placed on any theoretical cal- 
culations of efficiency in view of the wide variation of fuel con- 
sumption found in practice as evidenced by Fig. 138 in ‘‘Indus- 
trial Furnaces.’’® 

It is to be hoped that the data obtained by the authors on 
diffusivity of steel at high temperatures will soon be published, 
as they will be of great value to furnace engineers. 


Pressure Losses in Rectangular 


Elbows' 


Russett K. Annis.?. The scope of this paper is unusually 
broad, as it covers almost every conceivable variation in the pro- 
portions of rectangular elbows. One additional and important 
conclusion which can be deduced from the data presented is the 
fact that, for turns greater than 90 deg, the “easy” elbows have an 
even greater advantage than they have at 90 deg or less. 

This conclusion can be reached on the basis of the data pre- 
sented in Fig. 10 of the paper, where the effect of the elbow angle 
in per cent of the pressure loss for a 90-deg elbow is plotted for 
elbows up to 180 deg. A 123/;-in. X 123/;in. simple elbow is 
compared with the same elbow having one splitter. As pointed 
out in the paper, the splitter breaks the elbow up into two com- 
bined elbows, each having an aspect ratio and radius ratio differ- 
ent from the original simple elbow. The authors also point out 
the fact that the loss in a 180-deg elbow with a splitter is not just 
slightly less than such an elbow without a splitter, but rather is 
slightly less in proportion than the loss in the respective 90-deg 
elbow. 

If this is true for an elbow with a splitter, which is essentially 
two elbows in parallel each having more favorable aspect and 
radius ratios than the original simple elbow, then is it not also 
true that the same statement applies to each of the two elbows 
formed by the splitter, even though either one of them were used 
separately? 

It is also explained in the paper that the principal benefit to be 
derived from the use of splitters is through the increase in the 
radius ratio. It would seem to be desirable to space the splitters 
in such a way as to obtain equal radius ratios for the smaller 
elbows formed by the splitters. 

Now assuming that the splitter for the data shown in Fig. 10 of 
the paper was located in this manner, then the simple elbow would 
be divided consequently into two elbows each having the same 
radius ratio, viz., 1.43; this radius ratio was estimated by the 
writer on the basis of the data plotted in Fig. 13. As such their 
losses are equal, except perhaps for a small correction due to as- 
pect ratio and size, both of which are extremely small items as the 
authors prove by test. It is therefore highly probable that the 
loss in each elbow is less than the original elbow, since the total 
loss is less. 

Either of these two elbows thus formed might therefore have 
been tested separately, with losses substantially the same as 
shown in Fig. 10 of the paper. On this assumption, would it not 
be possible to interpret the lower curves of Fig. 10 not only as an 
“elbow with one splitter,” but also as a “simple elbow having 
1.43 radius ratio?” 


1 Published as paper AER-58-2, by R. D. Madison and J. R. 
Parker in the April, 1936, issue of the A.S.M.E. Transactions. 
2 Consulting Hydraulic Engineer, Beloit, Wis., and Asheville, N.C. 
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Another conclusion, or rather another point of view in regard 
to a conclusion made by the authors, applies to the relation be- 
tween aspect ratio and radius ratio. This conclusion is based 
simply on the geometry of the situation, and would emphasize 
more strongly the importance of a favorable aspect ratio. Fora 
given area, and a given radius ratio (or rather a given range of 
radius ratios), Fig. 9 of the paper shows that above an aspect 
ratio of 1.0 there is very little change in pressure loss. But in 
actual practice, are there not many cases where the problem is in 
some other terms? For example, the area might be, and usually 
is, fixed, but often the other limit is not in terms of radius ratio, 
but in a limited outside radius, or limited inside radius. With 
such a problem, the aspect ratio would have a more important 
bearing on the results, because it would control mathematically 
the radius ratio, and the latter, up to a certain point, is a con- 
trolling factor, even though the aspect ratio of itself is not im- 
portant. 

The writer’s interest in this paper is entirely from the point of 
view of centrifugal pumps, the underlying principles of which are 
in general usually considered to be similar to blowers. He there- 
fore questions the statement that the velocity leaving the scroll is 
highest along the outside. Is this an experimental fact with 
blowers? The opposite is considered to be true with centrifugal 
pumps, as brought out by Pfleiderer.* Pump designers find that 
the mathematics based on this phenomenon have a highly im- 
portant effect on the efficiency of centrifugal pumps. 


AUTHOR’s CLOSURE 


Mr. Annis suggests that the effect of a splitter is equivalent 
to two elbows in parallel. This seems to be essentially so from a 
comparison of tests, in spite of a difference in velocity distribu- 
tion at the entrance and exit of the elbows. Thus, from the tests 
of Fig. 10 of the paper, it is reasonable to suppose that the lower 
curves with splitters are approximately the same as an elbow of 
1.65 radius ratio and increased aspect ratios. 

It should be realized that these curves represent tests on only 
one kind of elbow, and should be somewhat different for other 
types. The authors have pointed out in the paper that in all 
probability the curves become flatter, that is, the proportionality 
becomes more uniform as the curve ratio (and likewise the ra- 
dius ratio) increases. Similarly, high aspect ratios should tend 
toward uniformity of the loss with degree of bend. 

Mr. Annis points out that aspect ratio does, under certain 
circumstances, determine radius ratio. This is true and thus 
has an indirect bearing upon the loss. Obviously, the mathema- 
tics of the problem requires that separate values be assigned to 
each function, radius ratio and aspect ratio, irrespective of each 
other. 

Mr. Annis brings up the question of the difference between 
pumps and fans. Essentially, there is little difference where 
cavitation and compression are not considerations. Practically, 
on account of space limitations, the usual commercial ventilating 
fan has a housing much wider than the impeller at the blade 
tips. Air leaving the impeller has a radial component of energy 
which produces a cross flow in the volute casing. This is more or 
less pronounced at the fan discharge. If pumps were made along 
the same proportions as fans, they would have this same char- 
acteristic. Usually, however, the width of impeller in pumys is 
nearly the same as the volute at the same point and this lessens 
the tendency to cross flow and approaches the more ideal type 
of free vortex where the tangential velocity varies inversely as 
the radius, 


Mr. Annis refers to the work of C. Pfleiderer? which is similar 


5 “Die Kreiselpumpen,” by C. Pfleiderer, Julius Springer, Berlin, 
Germany, second edition, 1932, section 43, pp. 127-129. 
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to that of Wilhelm Spannhake‘ wherein the flow through a pump 
impeller passage is treated. If there were no vanes, the flow 
through the impeller would be similar to impingement of a jet 
on a flat or conical plate, as the case may be. The velocity is 
higher adjacent to the shroud where the pressure is low, and lower 
near the hub where the pressure is high. If a segment of this 
shape of revolution were considered as an elbow, a wrong inference 
would result. There would be no friction along the imaginary 
sector faces to disturb the ideal flow. Likewise, in the usual elbow 
there is no radiating component of flow to maintain the ideal 
balance. 

The addition of impeller vanes complicates this flow pattern. 
However, where the rate of curvature of the vane is small, the 
tendency is for the velocity of flow to increase where a region of 
lower pressure exists and decrease where the pressure is higher 
than normal. 


Fic. 1 


SQUARE OUTSIDE CORNER ELBowsS 


The authors believe that a word about the use of the so-called 
square elbow recommended by Wirt® may be of general interest. 
Referring to Fig. 1A of this discussion, Wirt claims that an elbow 
with square outside corner has 10 per cent less loss than the same 
elbow with a rounded shape, as shown by the broken radius. 
The authors’ tests show that where the inside corner is sharp and 
the elbow is followed by a duct, the square-corner type has from 
10 per cent less loss for low aspect ratios to 15 per cent more loss 
for high aspect ratios than the rounded types. It is reasonable to 
expect that where the radius ratio is large, as in Fig. 1C of this 
discussion, the rounded type should be superior to the square 
type, since in the latter the velocity pressure is lost largely at 
the entrance and must be recreated at the exit. Additional tests 
have therefore been made on elbows with a radius ratio of 1.5 as 
shown to scale in Fig. 1B of this discussion. Where the aspect 
ratio was unity, the elbow with a square outside corner had a 
loss two and three-quarters times that of the conventional elbow, 
and when the aspect ratio was 4 it had a loss two and one-quarter 
times that of the usual rounded type. Where no ducts followed 
the elbows, the elbows with a square outside corner showed a 
20 per cent greater loss than the usual type for unity aspect 
ratio, and showed no difference when the aspect ratio was 4. Not 
only was the loss generally higher in these elbows but there was 
a distinct surge accompanied by an increase in noise. 

To supplement the data given in the original article on split- 
ters the authors have prepared the curves of Fig. 2 of this discus- 
sion wherein the average of the altered aspect ratios is considered. 
This should prove useful for elbows with one, two, or three split- 
ters if the original elbow is approximately of square cross section. 
The effect of size is shown in Fig. 2 of this discussion by short- 
dashed lines for the 3-in. square elbows, by long-dashed lines for 
the 6-in. square elbows, and by solid lines for the 12-in. square 
elbows. 

To use the chart find the curve ratio for the original elbow 
without splitters and locate this value at the base of the chart. 


4“Problems of Modern Pump and Turbine Design,’’ by Wilhelm 
Spannhake, Trans. A.S.M.E., vol. 56, 1934, paper HY D-56-1, p. 225. 

5 “‘New Data for the Design of Elbows in Duct Systems,” by L. 
Wirt, General Electric Review, vol. 30, June, 1927, p. 286. 
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Tbe intersections vertically above should be projected to the 
left seale of the chart where the loss in per cent of the velocity 
head may be found for the same size elbow with the correspond- 
ing number of splitters. 

The chart offers a graphical analysis of whether splitters will 
benefit a given elbow. The advantage in elbows of low curve 
ratio is apparent. 


Effect of Concentrated Sodium Hy- 
droxide on Boiler Steel Under 
Tension’ 


W. C. Scuroeprer? anp A. A. Berk.? The paper by A. S. 
Perry presents a clear and careful analysis of the data on which 
it is based. The failure to find intercrystalline cracks in boiler 
plate where the external appearance might tend to indicate the 
presence of embrittlement is in line with the work of Ruttman‘ 
in Germany. He found, through a statistical study of a large 


. Published as paper RP-58-7, by A. S. Perry, in the April, 1936, 
issue of the A.S.M.E. Transaction. 

* Associate Chemical Engineer, U. S. Bureau of Mines, New 
Brunswick, N. J. 

’ Junior Chemist, U. S. Bureau of Mines, New Brunswick, N. J. 

‘“Erklirungsméglichkeiten fiir verformungslose Briiche an Kessel- 
teilen,” by W. Ruttmann, Mitteilungen der Vereinigung der Gross- 
kesselbesitzer, no. 53, August, 1935, pp. 168-176. 
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number of cases of boiler metal fracture, that flange cracks were 
characteristically (corrosion) fatigue cracks in 80 to 85 per cent 
of all cases. It is very possible that the service which the flanges 
perform subject them to much greater danger from repeated 
stress than is the case for other sections of the boiler metal. If 
the samples which were described by Mr. Perry were removed 
from locomotive boilers it is also likely that this steel had been 
exposed to higher repeated stresses than is normally the case for 
stationary boilers. 

This same effect may account for some of the difficulty which 
has recently been reported by several railroads in preventing 
cracking even though the Boiler Code ratios appear to be cor- 
rectly maintained. If the protection offered by sodium sulphate 
from the action of the solution were based on the maintenance of 
a scale or film, the repeated stresses arising from the motion of the 
locomotive over the road may disrupt this scale or film and 
seriously interfer with the protection. Whether a repeated stress 
in the presence of solutions will normally cause intercrystalline 
as wéll as transcrystalline cracking is stilll open to question. 
Ruttman‘ states, “That despite great efforts it has not been 
possible to produce intercrystalline fractures as they appear in a 
boiler by pure oscillating stress.” This statement was, however, 
made before the action of sodium silicate in the sodium-hydroxide 
solutions was recognized and this point is certainly open to further 
testing. It must also be remembered that initial intercrystalline 
embrittlement cracks may well act as scources of larger fatigue 
cracks and finally become entirely effaced by corrosion.®* 

It is clearly evident from this discussion that the study of the 
action of solutions at elevated temperatures on steel under re- 
peated stress should be of especial value to the railroads. Holz- 
hauer’s’ work in Germany and the results reported by Schroeder 
and Partridge* may well be an opening wedge in attacking this 
problem. 

The writers have analyzed a sample of one of the brands of 
sodium hydroxide which Mr. Perry used in his tests and found 
it contains approximately 0.25 per cent Na,SiO;. In the tests 
made with 400 grams of sodium hydroxide per liter this gives a 
sodium-silicate concentration of approximately 1 gram per liter 
which may possibly be somewhat below the optimum concentra- 
tion for producing embrittlement, but which apparently gave a 
measurable effect under some of the test conditions described by 
Mr. Perry. 

This paper has presented excellent illustrations of cracking 
produced in the experimental boiler and in practice. It is to be 
hoped that Mr. Perry will be able to continue his investigation 
of a number of the points he has raised. 


AvuTHOR’s CLOSURE 


The author greatly appreciates the remarks made by Messrs. 
Schroeder and Berk concerning the paper. 

Railroads in general should certainly initiate or support re- 
search into the action of solutions at elevated temperatures under 
repeated stress. 


5 ‘‘New Laboratory Data Relative to Embrittlement in Steam 
Boilers,’ by F. G. Straub and T. A. Bradbury, Trans. A.S.M.E., 
vol. 58, July, 1936, paper RP-58-13, pp. 389-390. 

6 ‘Action of Solutions of Sodium Silicate and Sodium Hydroxide 
at 250 C on Steel Under Stress,’ by W. C. Schroeder and A. A. Berk, 
A.I.M.M.E. technical publication no. 691, Metals Technology, Janu- 
ary, 1936. 

7 “Endurance Iimit of Boiler Steel and the Effect Upon It of 
Chemical Attack,’’ by C. Holzhauer, Mitteilungen Materialprufungs- 
amt Technische Hochschule Darmstat, no. 3, 1933. 

8 “Effect of Solutions on the Endurance of Low-Carbon Steel 
Under Repeated Torsion at 482 F (250 C),”” by W. C. Schroeder and 
E. P. Partridge, Trans. A.S.M.E., vol. 58, April, 1936, paper RP-58-9, 
pp. 223-231. 
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Caustic embrittlement is, in the author’s opinion, a result of re- 
peated stress supplemented by chemical attack. 

Repeated stress may be induced by workmanship in the fabri- 
cation of boilers, by classified repairs, and by operation under 
service conditions that impose high repeated stresses. 

Chemical attack may be induced by chemicals used in water 
treatment, that is, where stress of metal results in a crack, chemi- 
cal attack will follow the line of least resistance and presumably 
accelerate its progress. 

The author is inclined to this opinion as a result of his investi- 
gations on boiler plate which has cracked in service, despite the 
fact that boiler code ratios were correctly maintained. 


Estimation of Dissolved Solids in 
Boiler Water by Density Readings’ 


R. T. SHpen.? Two types of hydrometers, similar in type 
to those used by the authors, were submitted for test pufposes 
in 1932 to the laboratory of the firm with which the writer is 
connected. The tests were made on a series of ten samples with 
dissolved solids ranging from 100 parts per million to 6240 parts 
per million. During the tests, readings were taken on each 
sample at three different temperatures but the results, on the 
whole, were not as good as those reported by Rummel and 
Holmes. Some difficulty was encountered during the tests through 
breakage of the floats. From the writer’s experience, it would 
seem that breakage would be common in the hands of engineers 
who are not used to the handling of laboratory glassware. 

While +he authors have selected their No. 1 hydrometer as the 
one which gives best results, and have classified the results ac- 
cording to reproducible accuracy, nevertheless it will be noted 
from a careful examination of Table 2 of the paper that none of 
the hydrometers consistently gave results which can be relied 
upon. For example, on sample No. 7 with a concentration of 33 
grains per gal, hydrometers Nos. 5 and 6 showed 48 and 14 
grains per gal, respectively. On sample No. 8 with a concentra- 
tion of 37 grains per gal, hydrometer No. 1 showed 36 grains per 
gal, while hydrometer No. 3 showed 50 grains per gal and hy- 
drometer No. 4 showed 58 grains per gal. On sample No. 23 
with the higher concentration of 221 grains per gal, hydrometer 
No. 1 showed 205 grains per gal, while hydrometer No. 2 showed 
205 grains per gal, hydrometer No. 4 showed 168 grains per gal, 
and hydrometer No. 6 showed 180 grains per gal. On sample 
No. 30 with a concentration of 400 grains per gal, hydrometer 
No. 1 showed 460 grains per gal. These results were obtained 
under carefully controlled laboratory research conditions. What 
then will be the results when these instruments are placed in 
the hands of engineers in the field for field control? The authors 
make a point in conclusions 9 and 11 of the fact that instruments 
must be kept clean and that small gas bubbles, some of which 
may be very small, will affect materially the reading of the in- 
strument. The authors admit that the instruments should not 
be relied upon implicitly. 

It is the writer’s contention that instruments of this type should 
not be relied upon at all, particularly when the blow-down rate 
of boilers can be obtained by such a simple test as an ordinary 
chloride titration. The chloride content of a boiler feedwater 
at any given stationary plant is usually fairly constant. From 
a ratio of the chlorides in the feedwater to the chlorides in the 
boiler water, the boiler blow-down rate can be checked quite 
carefully by a nontechnically trained operator. The test can 


1 Published as paper PR-58-8, by J. K. Rummel and J. A. Holmes, 
in the April, 1936, issue of the A.S.M.E. Transactions. 

? Technical Director, W. H. and L. D. Betz, Chemical Engineers, 
Philadelphia, Pa. 


be made and interpreted as quickly as a test made with a 
hydrometer and is certainly subject to less error. 


C. W. Foutk.’ It might be of interest to know that a hy- 
drometer invented by the writer gives accurate ieadings within 
less than one unit of the fourth decimal point. These instru- 
ments have been in use for over a year at the power house of the 
Ohio State University for determining the concentration of boiler 
water. 


AvuTHoRS’ CLOSURE 


Mr. Sheen is correct in stating that control of concentration of 
boiler water by the chloride method is easier and probably more 
reliable when the constituents of the boiler water do not vary 
greatly. All density instruments are of little value when the 
total concentration of dissolved solids in the boiler water is below 
75 grains per gal. Chances for error are too great. However, 
traveling engineers, railway chemists, and those having occasion 
for the need of rapid determination of dissolved solids on samples 
of unknown and varying composition, find the density instru- 
ments a great help. For this type of work, it is considered that 
a percentage of error not to exceed 10 per cent is satisfactory. 

The wide variations mentioned by Mr. Sheen with the various 
instruments were shown to indicate that those instruments hav- 
ing the largest bodies and thinnest stems and which were not en- 
closed in too small a cylinder were the most accurate. These 
varying results of the various instruments on the same water led 
the authors to conclusions 2, 3, and 8. 


Effect of Solutions on the Endurance 
of Low-Carbon Steel Under Repeated 
Torsion at 482 F (250 C)' 


R. C. Apams, Jr.2- The conclusions of the paper are most 
interesting and quite gratifying to the writer inasmuch as they 
mark the nearest approach yet made to the opinion which the 
writer has regarding caustic embrittlement. This opinion is 
founded upon the basic work of McAdam and the subsequent re- 
searches of W. C. Stewart, senior metallurgist of the U.S. Naval 
Engineering Experiment Station, Annapolis, Md. Caustic 
embrittlement is considered by the writer to be only another of 
the wide variety of stress-corrosion phenomena. 

Those familiar with corrosion-fatigue know that a fluctuating 
stress, whose maximum does not approach the maximum tensile 
strength of the metal, eventually will cause rupture. The higher 
the maximum of the fluctuating stress, the fewer cycles of fluctu- 
ation will be required to cause rupture. The maximum fluctuat- 
ing stress which a steel can withstand for ten million cycles is 
defined as the fatigue limit or endurance limit. The fatigue 
limit for an almost unlimited number and variety of materials 
has been determined at the U. S. Naval Engineering Experiment 
Station. The fatigue limit is considered in all naval-design cal- 
culations, except in the very few instances where the material in 
service will be subjected to only a definite static stress. 

Corrosion which is almost undetectable by visual examination 
markedly reduces the fatigue limit of metals. The degree of 
damage increases with the nature and severity of the corrosion. 


3 Ohio State University, Columbus, Ohio. 

1 Published as paper RP-58-9, by W. C. Schroeder and E. P. 
Partridge, in the April, 1936, issue of the A.S.M.E. Transactions. 

2? Chemical Engineer, U. S. Naval Engineering Experiment Sta- 
tion, Annapolis, Md. The opinions in this discussion are those of 
the writer and are not to be considered as official opinions of either the 
Navy Department or of the U. S. Naval Engineering Experiment Sta- 
tion. 
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Simple exposure to a mildly corrosive environment induces some 
reduction in fatigue limit, and the simultaneous combination of 
fluctuating stress and corrosive environment accelerates the 
damage. 

Some experiments have been conducted upon 0.35 per cent 
carbon steel, which otherwise was similar in composition to the 
material used by Schroeder and Partridge. 


Fig. 1 Raprat CRACKS, CAUSED BY CORROSION-FATIGUE, BENEATH 
A Feep-Line Pap IN THE DRUMHEAD OF A Naval BolILer 


Fie. DrumHeap SurFace UNDER THE AUXILIARY 
Feep-Line Pap 


This material had a tensile strength of 82,800 Ib per sq in.. 
an elastic limit of 30,000 lb per sq in. and a fatigue limit of 35,000 
lb per sq in. Specimens of this material were suspended in the 
water of the steam drum of one of the boilers at the U. S. Naval 
Engineering Experiment Station. They were subjected only to 
the stress of supporting their own weight, but were exposed to « 
boiler-water environment. The boiler water was treated in 
accordance with the standard navy method. The feedwater was 


not completely deaerated, but probably contained about 0.5 
milliliter of oxygen per liter. The boiler was used as stand-by, 
and was steamed no more than 10 per cent of the period of ex- 
posure. During the time that the boiler was idle, the environ- 
ment of the specimens must have been free of oxygen. 

Under these conditions of exposure, the mild-steel specimens 
suffered reduction in the fatigue limit. In a period of only 100 
days, the fatigue limit was reduced 20 per cent. At the end 
of two vears, material which had had a tensile strength of over 
82,000 Ib per sq in., and an original fatigue limit of 35,000 Ib 
per sq in., retained a fatigue limit of only 27,000 lb per sq in. 


Fic. 3 DrumHeap Surrace Unper Main Feep-Line Pap 


The effect of corrosion-fatigue is well illustrated by a case 
which was referred to the U. S. Naval Engineering Experiment 
Station about a year ago. Radial cracks had been found beneath 
the feed-line pads in the drumhead of a destroyer boiler. The 
cracks were of the sort which have been identified as the result 
of caustic embrittlement. Fig. 1 of this discussion shows one of 
the radial cracks, after the surface had been machined away. 

The notable thing about the cracking was that it was much 
more extensive under the main feed-line pad than under the 
auxiliary feed-line pad. Fig. 2 of this discussion shows the 
drumhead surface under the auxiliary feed-line pad after 0.07 in. 
of the surface had been machined away. It will be noted that 
the longest crack extends not quite half-way to the bolt circle. 
Fig. 3 of this discussion is a similar illustration of the metal under 
the main feed-line pad. Here many of the cracks extend to the 
bolt circle and even beyond four of the bolt holes. The cracks 
extend almost to the periphery of the pad from two of the bolt 
holes. 

Virtually all conditions were the same for both areas in the 
drumhead, since the two feed openings were less than 1 ft apart. 
The same boiler water, the same temperature and temperature 
fluctuations, the same pressure and pressure fluctuations, and 
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the same vibrations from the ship’s movement should have affected 
the two areas. The vital difference was that the ship was 
equipped with reciprocating feed-pumps and the mainfeed pump 
was used almost to the exclusion of the auxiliary feed pump. The 
pulsation of the feed pump supplied the fluctuating stress that 
resulted in extreme damage from corrosion-fatigue. 

During the period of service in which the cracking developed 
there was slight possibility of high boiler-water alkalinity. At 
that time it was the general custom for operators of naval boilers 
to keep the boiler-water alkalinity near the minimum limit, which 
was 0.2 per cent normal alkalinity, approximately 6 grains per 
gallon as calcium carbonate. As reassurance on this point, one of 
the uncovered cracks was placed under a microscope and ob- 
served while a drop of phenolphthalein was placed on the crack. 
No trace of pink color was discernible. Evidently the cracking 
did not follow the process of caustic embrittlement. It is be- 
lieved that the theory of corrosion-fatigue offers an acceptable 
explanation for the occurrence. 

It is believed that the investigative work at New Brunswick, 
N. J., is being directed into increasingly more fruitful courses. 
The reports from this investigation show that the importance of 
caustic as the cause of boiler-metal failure probably has been 
overrated. Corrosion induces weakening and failure of steel, 
but the corrosion may result from many other causes than 
alkalinity of the boiler water. A well-advised search for effective 
corrosion inhibitors such as is projected for the ensuing work at 
New Brunswick should be of definite value. 

The torsion tests which are reported are indicative, but the 
results admittedly are only qualitative. It is believed that re- 
duction of the torsion stress to a more reasonable degree and 
provision for large increase in the number of stress cycles will 
lead to more reproducible and reliable results. It may be noted 
that the conclusions of the present report are in substantial agree- 
ment with the explanation of boiler-metal cracking outlined by 
the writer. 

The entire project at the Nonmetallic Minerals Experiment 
Station of the Bureau of Mines at New Brunswick, N. J., has 
evidenced a high order of investigative ingenuity, competent 
direction and study, independence of thought, and scientific 
accuracy. Recognition of this makes it the more gratifying that 
the results should tend to confirm the opinion that the phe- 
nomenon called caustic embrittlement is but a special case of 
corrosion-fatigue. 
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AUTHOR’s CLOSURE 


The discussion by Mr. Adams indicates a very definite connec- 
tion between repeated stress tests, such as represented by this 
torsion work, and actual cracking which may be encountered in 
boiler operation. The corrosion fatigue testing at the U. S. 
Naval Engineering Experiment Station at room temperature 
with free access of oxygen has shown a sharp reduction in the 
endurance of the steel due to contact with some solutions. The 
tests under repeated torsion indicate a still greater effect of the 
solutions at the elevated temperatures. Unquestionably, a 
great deal of the cracking encountered in boiler operation may be 
laid to repeated stress. This is especially true for flanges or 
pads that are used to connect auxiliary equipment to the boiler. 

Ruttman,? in an examination of 133 boiler failures, found that 
cracks in flanges were characteristically (corrosion) fatigue frac- 
tures in 80 to 85 per cent of all cases, but cracks between rivet 
holes or tube holes and in drum sheets were characteristically 
intercrystalline (embrittlement) fractures in 80 to 85 per cent 
of all cases. About four times as many boilers which failed had 
cracks between rivet holes or tube holes, or in the drum sheet as 
those which had cracks in the flanges. Ruttman® classified the 
embrittlement cracks partly by their external appearance but 
mainly by their intercrystalline character under the microscope. 

While recognizing that much of the type of cracking cited by 
Mr. Adams may be ascribed to corrosion fatigue, the authors 
would hesitate very much to subscribe to the theory that em- 
brittlement cracking is a manifestation only of the action of 
repeated stress and ordinary corrosion. No one has yet reported 
typical intercrystalline cracks produced in the laboratory by 
corrosion fatigue. The authors have not found this possible in a 
few preliminary experiments even with sodium silicate-sodium 
hydroxide solutions. In the past, failures that were mainly 
corrosion fatigue may have been classified as embrittlement crack- 
ing. At the present time, however, the evidence does indicate at 
least two different types of fracture which may well be pro- 
duced by independent specific reactions. It is hoped that fur- 
ther testing will not only make it possible to differentiate be- 
tween the two effects but will also make it possible roughly to 
estimate the part played by each action in producing ultimate 
failure. 

3“‘Erklirungsméglichkeiten fiir verformungslose Briiche an 


Kesselteilen,’’ by W. Ruttman, Mitteilungen der Vereinigung der 
Grosskesselbesitzer, no. 53, August 1, 1935, pp. 168-176. 
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Welding Design 


By CHARLES H. JENNINGS,! EAST PITTSBURGH, PA. 


Although welding has been extensively used in the 
fabrication of engineering structures for a number of 
years, there is still a decided lack of knowledge among 
engineers concerning the fundamental factors governing 
a satisfactory design. In addition, there is a lack of agree- 
ment among designers as to the methods of calculating 
weld stresses and the correct working stresses to employ 
for different types of joints. This article contains a dis- 
cussion of a number of variables such as the selection of 
the proper joint, the calculation of weld stresses, the deter- 
mination of working stresses and safety factors, and the 
important features governing a good welded design. 

An analysis is made between butt and fillet welds in an 
effort to assist the designer in the selection of the proper 
type. Theoretical and practical aspects such as stress 
concentrations resulting from discontinuities in form, 
fabrication difficulties, welding costs, and distortion prob- 
lems are considered. 

The calculation of weld stresses in different types of 


HE APPLICATION of welding to the fabrication of engi- 
poe structures and equipment presents a great many 
problems to the designer. Some of these problems are the 
result of the inherent properties of the deposited metal and the 
characteristic shape of certain welded joints while others are the 
result of the designers’ efforts to create new and economical designs. 
Although many of the problems encountered are still unsolved 
and require a great deal of further research, the vast amount of 
data and experience which have been accumulated are sufficient 
to design rationally all types of welded structures and machines. 
To design a welded structure properly it is important that the 
designer be thoroughly familiar with the following items: (1) 
Methods of calculating weld stresses, (2) allowable working 
stresses, (3) physical characteristics of parent and weld metals, 
(4) fabrication problems, and (5) inspection and testing facilities. 
A welded design may be satisfactory from the standpoint of 
strength but entirely unsatisfactory from the standpoint of 
materials and fabrication. 

A careful analysis should be made of each structure to insure 
that it can be fabricated economically. Welds must be designed 
and located so as to keep distortion of the finished product to a 
minimum. Rigid joints should be eliminated as much as possible 


1 Engineer in charge of welding research, Westinghouse Research 
Laboratories. Jun. A.S.M.E. and Assoc-Mem. American Welding So- 
ciety. Mr. Jennings was graduated from the mechanical engineering 
department of Iowa State College in 1928 with the degree of bachelor 
of science in mechanical engineering. He entered the graduate stu- 
dent course of the Westinghouse Electric & Manufacturing Company 
in 1928 and in 1929 became connected with the mechanics division 
of the research laboratories. In 1936 he was transferred to the 
chemical and metallurgical division of the research laboratories and 
appointed to his present position. 

Contributed for presentation at the Welding-Practice Symposium 
sponsored jointly by THe Society OF MECHANICAL 
ENnGinggrs and The American Welding Society and held at Cleve- 
land, Ohio, October 22 and 23, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


joints is discussed and suitable formulas recommended 
on the basis of their agreement with test results, and their 
general applicability and acceptance in present design 
practice. 

Working stresses and safety factors for butt and fillet 
welds are determined on the basis of static and dynamic 
tests. A table of recommended working stresses for bare 
and coated-electrode welds subjected to all types of loading 
is given to assist the designer. This table is based upon 
joints made on ordinary low-carbon structural steel. 

A number of important design features that are essential 
in the design of economical welded structures are given. 
These features include the recommended minimum size 
of fillet welds for given plate thicknesses, the application 
of intermittent welds in design, and the influence of joint 
design on the economical fabrication of butt joints. 

An appendix is attached which contains a number of 
typical welded-joint designs with the corresponding recom- 
mended formulas for calculating the stresses. 


to prevent the development of excessive residual stresses which 
might cause cracked welds during fabrication or ultimate failure 
in service. 

The choice between butt and fillet welds is subject to much 
controversy although when properly designed and fabricated 
each has definite advantages and each is entirely satisfactory. 
The choice of materials and filler material will vary greatly for 
different products and will depend largely upon the service 
conditions, the designer’s knowledge of the weldability of ma- 
terials, and the fabricating facilities available. In many cases 
two or more materials can be used for a given structure but the 
selection of the proper one will result in considerable saving in 
both fabrication and materials costs. 

It is the author’s intention to discuss how working stresses 
are determined for welds and to outline briefly the methods of 
calculating stresses resulting from static and dynamic loadings. 
In addition, a number of rules covering important points of weld 
design will be given. 

No attempt will be made to discuss the problems of fabrication 
such as welding procedures, elimination of distortion, and choice 
of materials, although they are connected closely with the design 
of a successful structure. 


TypicaAL WELDED JOINTS 


In the design of welded structures there are two general types 
of welds used, butt welds and fillet welds (1).2 These welds 
may be used in making many types of joints such as ordinary butt 
and fillet joints between parallel plates, T joints between plates 
joining each other at an angle, corner joints, and joggled joints. 
The proper selection between butt and fillet welds is of importance 
both from the standpoint of economics and the service life of 
the structure. Unfortunately, however, no set rule can be applied 
for selecting the proper weld. 

Fillet welds in general require less preparation of the parts 
preparatory to welding because the parts may be lapped or butted 
together without the necessity of spending a great deal of time in 
beveling or preparing the plate edges. If the plates are lapped 


it is not essential that their dimensions be held to close tolerances. 


2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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A variation of '/; to '/, in. in the amount of overlap of the plates 
will have no effect upon the strength of the joint providing the 
minimum requirements for overlap are maintained. Also if 
this variation is not the result of abrupt changes it will be impos- 
sible to detect it in the appearance of the completed structure. 

In joints where the plates are butted at right angles to each 
other it is only necessary that the edge of the abutting plate be 
cut at right angles with the plate surface. This requires only a 
single cutting operation with the shear, cutting torch, or planer. 
The greatest problem encountered is to insure that the prepared 
edge is straight so that it will fit uniformly to the abutting plate. 
A space or gap between two abutting plates will reduce the 
effective size of the fillet welds and require that the weld size be 
increased by the amount of the gap. The increase in the size 
of a fillet weld caused by a gap between two plates may materially 
affect the amount of deposited metal required to make a weld of 
the required size. The percentage increase in the amount of 
weld metal required will be [a(2h + a)100]/h? where a represents 
the gap and h the required size of the weld. When making a 
1/,-in. weld between two plates, a 1/j-in. gap represents an 
increase of 26.6 per cent in the amount of weld metal that must 
be deposited. 

Butt welds in general require a better fit of the parts to be 
joined, and generally at least one of the butting edges is beveled*® 
(thin plates excepted). Beveling of the plate edges is an added 
operation which must be considered in the cost of the structure. 

The presence of a gap larger than necessary between the parts to 
be welded will also materially increase the amount of metal that 
must be deposited. Butt welds have an advantage over fillet 
welds in this respect however, because they are easier to inspect. 
After a fillet weld is made it is impossible to determine the pres- 
ence of a gap between the parts by visual inspection; conse- 
quently, it is sometimes difficult to determine whether or not the 
weld is the correct size. This trouble is not encountered with 
butt welds because their particular design requires that the gap, 
if any, be entirely filled with weld metal. 

The inherent shape of a fillet weld is such that it produces 
abrupt changes in the contour of the sections and consequently 
develops points of stress concentration. These stress concentra- 
tions are most severe at the root and toe (1) of the weld. Con- 
siderable theoretical work has been done on the investigation of 
fillet welds by photoelastic methods to determine the amount of 
stress concentrations. Solakian (2) found the stress at the 
root of a fillet to be six to eight times that of the average stress 
intensity in the connecting plates while the stress at the toe of 
the weld was three to five times the average stress intensity in 
the connecting plates. These stress concentrations varied with 
the external shape of the fillets and the amount of penetration and 
undercut present. 

Butt welds in general have a more favorable form than fillet 
welds from the standpoint of irregularities which produce stress 
concentrations. A butt weld between parallel plates will pro- 
duce no stress concentration providing it is a sound homogeneous 
weld and all the reinforcement has been removed. In actual 
practice, however, this condition is seldom obtained because 
nearly all butt welds have some reinforcement and a few internal 
flaws such as minute gas holes. Coker (3) found by photoelastic 
tests that the reinforcement on butt welds would produce a stress- 
concentration factor of 2.0. Small drilled holes representing 
flaws were also found to produce a stress-concentration factor 
of 2.0. 

In cases where T joints are made between plates by using butt 


5 There are a number of welding processes being developed where 
beveling of the plates is not required. These processes are still under 
development and cannot be used in all types of structures, conse- 
quently, they will not be considered in this paper. 
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welds, there is the possibility of obtaining high stress-concentra- 
tion factors at the junction of the plates. For fillet sizes of 
0.05 in., the theoretical stress-concentration factor (4) will ap- 
proach 2.5. 

Under actual conditions, however, these stress concentrations 
are not as severe as the theoretical values might indicate. Under 
static loadings stress concentrations have little or no adverse 
effect upon the strength of a structure. The ultimate strength of 
the structure will not be lowered but the ability of the joint to 
deform plastically will be decreased somewhat, thereby tending 
to produce a more brittle type of fracture should failure occur. 
This apparent decrease in ductility does not weaken the structure. 

In cases of dynamic loadings stress concentrations are of im- 
portance. Although from the data of Peterson and Wahl (4) 
it is evident that the actual reductions of fatigue strength for 
such cases of stress concentration as are applicable to welded 
joints are considerably less than photoelastic values. 

This condition is true for holes and for surface irregularities. 
In the case of very small holes, the type generally obtained in 
welds, the reduction of fatigue strength was found to be small. 


(b) 


Fic. DirecTions OF SHRINKAGE WHEN A WELD CooLs 
Fatigue tests on welded joints, as will be discussed later, have 
given similar results. 

The fact that certain stress concentrations are present in 
welded joints should not be considered cause for preventing their 
use on structures subjected to dynamic loads. In the majority 
of welded structures subjected to dynamic loads, the complete 
loading consists of a combination of static and dynamic forces. 
The stress-concentration factor AK resulting from the joint char- 
acteristics is applied only to the variable portion of the loading 
as shown in Fig. 17 and Equation [39], which will be discussed 
later. As a result, the increase in stress caused by the stress 
concentrations usually does not greatly increase the total stress 
on the joint. 

From the standpoint of fabrication problems, two important 
points must be considered when selecting between butt and fillet 
welds. 

Butt welds in general produce greater residual stresses. This 
fact has been proved experimentally and in production. 

The reason for higher stresses being developed by butt welds 
is primarily the result of their characteristic shape. When a 
section of deposited metal solidifies and cools it tends to shrink 
uniformly in all directions. Referring to Fig. la, contraction 
tends to occur along the xz, yy, and zz axes. The contraction 
along the yy axis may be disregarded because the deposited 
metal is free and unrestrained at the top. The contraction along 
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the xz axis tends to pull the plates together while the contraction 
along the zz axis tends to shorten the joint. Considering the 
contractions along the zz and zz axes, the latter is the more 
serious. This fact is readily realized when it is borne in mind 
that cracks in welds resulting from residual stresses are always 
parallel with the joint and not transverse as would be the case 
if the stresses along the zz axis were the more severe. 

The degree of residual stress produced by the transverse con- 
traction (along zz axis) is a function of the degree of fixity and 
the size of the plates. The reason such high stresses can be ob- 


A GENERATOR FRAME PosITIONED ON A WELDING Manipv- 
LATOR TO FacILITATE DowN-HAND WELDING 


Fig. 2 


tained is because this contraction produces a direct tensile force 
in the plates. 

Considering fillet welds, shown in Fig. 1), it is again possible to 
confine the discussion to contractions along the xz axis for reasons 
similar to those previously mentioned. In this case, however, 
there is generally the possibility of a small movement between 
the plates resulting from the weld contraction which will greatly 
reduce the stresses. In addition, this contraction is in such a 
direction that it tends to bend the parts rather than produce 
transverse tensile forces in them. As a result some local distor- 
tion is apt to be obtained and the presence of this distortion 
means a reduction in the residual stresses. 

The second point in connection with the influence of fabrica- 
tion problems on the choice between fillet and butt welds is the 
method of making the welds. In order to increase the speed of 
welding it is desirable to deposit the weld metal in the down-hand 
position with large-diameter electrodes. Butt welds are ideal 
in this connection and are generally preferred. Fillet welds are 
of such a nature that in the normal horizontal position one fusion 
zone is in the vertical plane. This necessitates the use of small- 
diameter electrodes, if welds of the highest quality are desired, 
unless the parts can be positioned so as to simulate a butt weld 
and permit down-hand welding. Welding manipulators as 
shown in Fig. 2 have been found very helpful under these conditions. 

In cases where fillet welds of intermediate quality are satis- 
factory, special electrodes have been developed which make it 
possible to use !/, in. diameters. Such cases make fillet welds as 
economical as butt welds. 

Another factor in connection with the selection between butt 
and fillet welds is that butt welds allow the use of higher design 
stresses, This point will be discussed in detail later. 
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Reviewing the foregoing discussion, it is evident that both butt 
and fillet welds have definite advantages and the proper selection 
between them depends upon many factors. For a designer to 
create the most satisfactory and economical structure it is es- 
sential that all of these variables be carefully considered. 


CALCULATION OF WELD STRESSES 


The calculation of stresses in welds is of prime importance in 
connection with the design of every welded structure. Regard- 
less of this fact, there is a surprising lack of agreement among 
authorities, particularly with reference to fillet welds, as to the 
proper methods of analysis. This lack of agreement may be at- 
tributed primarily to the characteristic shape of fillet welds and 
the many attempts to account theoretically for the nonsym- 
metrical stress distribution and the secondary bending moments 
encountered. 

The object of this paper is not to give a highly theoretical analy- 
sis of the stresses in butt and fillet welds, but to discuss the com- 
monly used methods and illustrate their application in the design 
of all types of structures and joints. 

In the analysis of the following joints and connections the 
following notations will be used: 


= normal stress, lb per sq in. 

= unit shear, lb per sq in. 

= bending moment, in-lb 

moment of inertia, inch units 

= stress-concentration factors 

= external load, lb 

= size of weld, in. For fillet welds h represents the weld 
leg and for butt welds h represents the throat of the 
weld excluding reinforcement 

= length of a weld, in. 

= linear distance, in. 


StrREssEs IN Butr WELDs 


The calculation of stresses in a butt weld between parallel 
plates as shown in Fig. 3 is a simple matter. The stress is equal 


Fig. 3 


TypicaL Butt Joint 


to the external load acting on the joint divided by the throat 
area of the weld.‘ 


The values of h (weld throat) in Equations [1] and [2] do not 
include the reinforcement of the welds. Some authorities take 
the reinforcement into account but this is a questionable practice. 
The reinforcement of a weld will vary greatly over its length and 
is a maximum at the throat section. At the junction of the weld 
and the parent metal, shown as point A in Fig. 3, the reinforce- 
ment will approach zero, thereby making it the critical section. 
Also, reinforcement tends to produce stress concentrations which 
might be objectionable in cases of fatigue loadings. 

The purpose of reinforcement on butt welds is to add an ad- 
ditional factor of safety to compensate for flaws which might 
be obtained when making the welds. As a result it is highly 


4 The weld throat is defined as the minimum thickness of a fusion 
weld along a straight line passing through its root (1). 
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The stress in a butt weld due to shear loading is ee oe 
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desirable in many cases but it should never be used by the de- 
signer as a method of developing the strength required to with- 
stand the applied loads. 


STRESSES IN FILLET WELDS 


The stress distribution in fillet welds has been proved by photo- 
elastic methods to be nonuniform (2, 3). In addition, their 
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Fic. 4 TRANSVERSE FILLET WELD 
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(2) (b) 


Fic. 6 NONSYMMETRICAL FILLET WELDS 


particular shape causes certain secondary bending moments 
which cannot be determined accurately and which tend to in- 
crease or decrease the stresses at different points in the weld. 
Because of these facts many attempts have been made to calculate 
fillet-weld stresses with the result that numerous formulas have 
been derived (5, 6, 7,8). These formulas are all based upon arbi- 
trary assumptions, consequently, none are strictly correct. For 
this reason only the generally accepted formulas will be considered. 

Transverse Fillet Welds. In the generally accepted method of 
computing stresses in transverse fillet welds it is assumed that 
the stress at the throat section’ is principally a normal tensile 
stress. (Photoelastic tests by Dustin (9) tend to justify this 


5 The throat section of a weld is considered to be the critical section. 
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assumption.) The stress on the throat section of a fillet weld 
shown in Fig. 4 transmitting a load P is therefore taken as 


weld throat  0.707A1 


where 0.707 = cosine of 45 deg. 

If the force P acts through the center of the welded bar as 
shown in Fig. 4b, it will produce a bending moment M on the 
weld and the stress given by Equation [3] will not be the complete 
stress. On a joint of the type shown in Fig. 4a, however, a 
transverse force acts between the overlapping surfaces of the 
joint and this force produces some bending moment M, as indi- 
cated in Fig. 5b which acts in the opposite direction to the bend- 
ing moment M caused by the force P. A shearing force also 
results from this reaction but it is probably small in comparison 
to the other forces and will be neglected. The force P and the 
moment M, shown in Fig. 5b can be represented by a force P 
eccentrically applied to the welded member as shown in Fig. 5c. 
The condition of equilibrium will be obtained when the bending 
moment M, is of such a value that the eccentricity e causes the 
load P to act along the center line of the weld throat. This is 
possibly the condition that occurs in a fillet weld at the point of 
failure. Consequently, the stress values obtained by this method 
are comparable to what would be expected from tests on all weld- 
metal test specimens. 

There are certain cases in design when fillet welds are used on 
only one side of a plate as shown in Fig. 6. In joints of this type 
there is no counteracting bending moment present as the result 


bh m= 
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of the overlapping plates pressing against each other. Con- 
sequently, a bending moment resulting from the joint eccentric- 
ity must be considered. 

Referring to Fig. 7a, it is seen that the weld throat is subjected 
to a tensile force P and a bending moment resulting from the 
eccentricity of the force P acting along the fusion zone OH. 
This bending moment M is equal to Ph/4. 

The stress resulting from the direct load P is 


In determining the stress resulting from the bending moment 


M a rectangular stress distribution is assumed. (This is the 

type of stress distribution that is obtained before the weld fails 
in tension.) Here 

4M _ _4Ph 2P 


This bending stress increases the stress at the root O and de- 
creases the stress at the outer edge of the throat. Asa result the 
root stress is the critical stress and the total stress is obtained by 
adding Equations [4] and [5] 


1.414P | 2P 
hl hl 


It is seen that for a given load P the stress obtained by Equa- 
tion [6] is about 2.4 times the stress obtained by Equation [3]. 
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Ultimate stresses in joints of the type shown in Fig. 6a as 
calculated by Equation [6] agree fairly well with results that 
would be expected from the tensile strength of the weld metal. 

Parallel Fillet Welds. Parallel fillet welds are assumed to be 
subjected only to shearing stresses. The stress distribution along 
the weld is not uniform, although it is generally considered as 
such when calculating the stress. Smith (10) has shown experi- 
mentally that the stress at the ends of the welds is considerably 
higher than the average stress. (The exact value of the end 
stresses depends upon the length and size of weld and the size 
of the parts welded.) Weiskopf and Male (11) and Hovgaard 
(12) obtained similar results analytically. 

Regardless of this fact, however, tensile tests made by Vogel 
(13), the U. 8S. Navy, and the Structural Steel Welding Com- 
mittee of the American Bureau of Welding (14) indicate that the 
strength of such welds is directly proportional to the weld size 
and the weld length. As a result, the assumption that the stress 
is uniformly distributed over the entire length of the weld ap- 
pears justified for normal design practice. 
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The shear stress in parallel fillet welds is calculated by divid- 
ing the load transmitted by the weld throat. This shear stress 
is 


_ 
weldthroat Al 


x 


_ In eases where extremely long parallel welds are used, a formula 
based upon experimental constants has been derived by Rossell 
(15) which takes into account the stress distribution in the weld. 
In general welding design, however, there is no requirement for 
this formula, consequently, it will not be included. 


CALCULATIONS FoR TyPIcAL CONNECTIONS 


Equations [1] to [7], inclusive were derived for simple butt and 
fillet welds in tension and shear. In the following, typical joints 
subject to bending, tension, and shearing loads will be considered 
by applying these same equations. 

When considering lap or T fillet-welded joints containing two 
parallel or transverse welds loaded in tension or compression as 
shown in Fig. 8, the load should be considered uniformly distrib- 
uted between the welds. The weld stress is 


P\ 1414 0.707P 
[8] 
2) hl hl 


If plates of unequal thickness are used in combination with 
transverse fillet welds as shown in Fig. 9, the load distribution 
between the welds is proportional to the thickness of the plates 
because the plate sections between the welds do not distribute 
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the load uniformly. Referring to Fig. 9, the stress in weld A is 


A = (b a) hl 
and stress in weld B is 
b 1.414P 


hl 


If side welds are used in making a lap joint between plates of 
unequal thickness, the load is considered uniformly distributed 
between the welds because the load distribution between the 
plates does not affect the load distribution on the welds. In this 
case Equation [8] applies. 

Stresses in lap joints containing combinations of parallel and 
transverse fillet welds as shown in Fig. 10 are computed by as- 
suming the load uniformly distributed between the welds. Al- 
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Fic. 9 Joint BETWEEN PLATES OF UNEQUAL 
THICKNESS 
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Fig. 10 Joints CoNnTAINING BotH TRANSVERSE 
AND PARALLEL WELDS 


Fig. 11 Jormnt BETWEEN AN ANGLE AND A PLATE 


though this is the generally accepted method of calculating the 
stresses in joints of this type the load is actually not uniformly 
distributed between the welds. Tests have shown that parallel 
(side) welds deform more under load than transverse (end) 
welds. Asa result the transverse welds will take more than their 
normal share of the load and will fail first. if the plates are of 
unequal thickness as shown in Fig. 10b, weld A will be the highest 
stressed. Although it is known that the load on joints of this type 
does not. distribute uniformly between all the welds, there are not 
enough experimental data available to make a more accurate 
analysis. 

Lap joints between an angle and another member are sometimes 
designed so that the center of gravity of the welds coincides with 
the center of gravity of the angle as shown in Fig. 11. Referring 
to Fig. 11, zz is the center of gravity of the angle, b is the width 
of the angle, and e; and é; are the distances from the center of 
gravity to sides of the angle. For the center of gravity of the 
welds to coincide with the center of gravity of the angle it is 
necessary that he, = he Assuming the stress to be equal in 
both welds then 
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Substituting the value of 1, in Equation [11] and simplifying 


1.414Peq 1.414Pe, 


S= 
hl, (e2 + 


Similarly 


The value of distributing the welds so that their center of 
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gravity coincides with the center of gravity of the angle is open 
to question. Griffith (16) made comparative tests between 
joints of this design and joints having the weld uniformly divided, 
and proved one is equally as good as the other. Initial yielding 
occurred at approximately the same loads and the ultimate 
strength was approximately the same. On the basis of Griffith’s 
tests and experience obtained on many structures, the author 
is of the opinion that it is unnecessary to design a joint on 
angle bars so that the centers of gravity of the angle and welds 
coincide. 

Transverse fillet-welded joints subjected to bending as shown 
in Fig. 12 are often found in machines. The weld stresses in 
this type of joint are computed by assuming the bending moment 
M to be counteracted by a couple composed of forces p acting 
at the center of the vertical fusion zones of the welds as shown 
in Fig. 12a. Therefore, M = p(b + h), or 


The weld stress is 
1414p 
hl +h) 


If a transverse load is applied to the member A as shown in 
Fig. 12b in place of a bending moment, the weld will be subjected 
to stresses resulting from the shearing force of the load P and 
the bending moment PL. Several methods have been suggested 
for combining these forces to determine the weld stress. The 
simplest and most commonly used method is given in the follow- 
ing paragraphs. This method is admittedly only an approxi- 
mation but tests made on joints having a wide ratio of shearing 
and bending forces indicate that it gives satisfactory results (17). 

Assuming both welds to be of equal length /, the shearing force 
on each weld will be (P/2). From Equation [15], the force on 
each weld resulting from the bending moment PL will be 


b +h) 


S= 


The weld stress is computed by dividing the resultant of these 


two forces by the weld throat. Therefore, the weld stress is 


S = {17} 


If the term (b + A) is small in comparison to L, Equation [18] 
approaches Equation [16] for pure bending. 

Parallel fillet-welded joints subjected to bending as shown in 
Fig. 13 are also commonly used. Stresses in this type of joint 
are calculated on the basis of the weld-throat sections’ being sub- 
jected to the bending moment. The same formula is used in 
calculating the weld stress regardless of whether the bending is 
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Fig. 13. LonerruptnaL FIttetT WeELps LoapEp IN BENDING 


Fig. 14 Bar SuBJECTED TO BENDING 


r site 


Fig. 15 SHart SUBJECTED TO BENDING 


caused by a pure bending moment or a cantilever load. This, 
of course, is the result of the shearing stress being zero at the ends 
of the weld where the bending stresses are a maximum. 
Referring to Fig. 13, the bending moment acting on each weld 
is 
[19] 
The section modulus of a weld throat is 
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If a bar is fillet-welded to another member by welds on all sides 
as shown in Fig. 14 and subjected to a bending moment, the 
stress is calculated as follows: 

The bending moment M, which is resisted by the transverse 
welds A can be calculated by Equation [16] where 


The bending moment M; which is resisted by the longitudinal 
welds B can be calculated by Equation [21] where 


If the maximum stress in all welds is the same, then S,; = 


g 1.414M, 4.24 
3l(b + h) 


M, = M, 


but M = M, + M;. Therefore, by substituting in Equation 
[24], 

3l(b + h) 
= + 


wm .......... 25) 


M 


Substituting Equation [23] in Equation [25] and solving for S 


4.24 M 

~ h[b? + + h)] 

The stress in a round bar, fillet-welded to another part and 
subjected to a bending moment as shown in Fig. 15, is calculated 
by assuming the stress in each weld element to be proportional 
to its distance from the neutral axis. It is also important 
in the derivation of the weld stress in this joint to bear in mind 
that the stress in the weld throat is (1/0.707) times the shear 
stress in the fusion zone of the weld, where 0.707 is the cosine 
of 45 deg. 

Assuming an elementary area of the fusion zone hr da, shown in 
Fig. 15, on the periphery of the round bar at an angle @ with the 
neutral axis subjected to a shearing force, df, the stress will be 


S 


ds wde [27] 
Also, if S, is the maximum shearing stress then 
S, 
or ds = S,sina............[28] 
r rsin a 


Therefore, by substituting the value of ds in Equation [27] 

The bending moment developed by the force df is 
dm = Sjir* ada............. [30] 


By integrating Equation [30], the shearing stress S, is obtained 
in terms of the bending moment M acting on the joint, or 


The stress in the weld throat as a function of the bending 
moment and the diameter of the welded bar will be 


4M 5.66 M 
a 


where 0.707 is the cosine of 45 deg. 
If a welded joint of a design similar to that shown in Fig. 15 
is subjected to torsion the weld stress is obtained as follows: 


The torque M is resisted by the shearing force in the weld throat 
acting at a distance D/2 from the center of the joint 


M = shearing force X D/2............. (33] 


(a) 
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The shearing stress resulting from this shearing force is equal 
to the force divided by the weld throat. Therefore 


S, = 0.707xD*h = [34] 


When making a butt joint in a tension member it is often found 
necessary to reinforce the joint by an additional butt strap 
fillet-welded across the joint. This condition arises because the 
allowable design stress in a butt weld is not as high as the design 
stress for the parent material. If the parent material is stressed 
at 18,000 lb per sq in., and only 13,000 Ib per sq in. is allowed on 
the butt weld, the entire member must be increased in size to 
bring the stress down to 13,000 lb per sq in., or a reinforcing bar. 
must be added to carry the excess load. The latter of the two 
methods is usually the more economical. 

When designing a joint of this type it is desirable to place a 
butt strap on both sides of the joint in order to eliminate secondary 
bending moments. This procedure, however, is not always prac- 
tical. In such cases a bending moment is present which tends 
to increase the stress on the side of the butt weld away from the 
strap. If the butt weld is of the single V type it is desirable to 
have the root of the weld next to the strap. 

The total elongation of all the plates that comprise the joint 
must be the same, assuming that the fillet welds do not deform. 
Consequently, the stresses in all the plates must be equal because 
the stress is directly proportional to the elongation. Also, if 
the stresses in the various plates are equal, the loads transmitted 
by the plates must be proportional to their cross-sectional areas. 

If the load transmitted by each butt strap is p and the load 
transmitted by the butt-welded plate is p, as shown in Fig. 168, 
then, because the load is proportional to the cross-sectional area 
of the plates 
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Phil; 


The stress in the fillet welds by using Equation [3] is 


1.414Phl 
(2hl + 


1.414P 
(2hl + 


The stress in the butt weld by using Equation [1] is 


(2hl + ih) 


(2hl + 

The welded joints that have been considered do not comprise 
all the joints that are used on welded structures. They do, how- 
ever, cover the joints most commonly used, and the methods 
used in calculating the stresses can be applied in a similar manner 
to other types of joints. 

Appendix 1 includes a number of typical welded joints with the 
corresponding formulas for calculating the stresses. These 
formulas are based upon the methods of stress calculation dis- 
cussed. 


DETERMINATION OF WORKING STRESSES 


In the design of any welded joint it is important to know what 
safe working stresses can be used. The allowable working stresses 
are obtained from experimental tests by reducing the ultimate 
strengths or endurance limits obtained by a suitable factor of 
safety. 

Many tests have been made on both fillet and butt welds. 
Consequently, it is not a difficult matter to obtain sufficient test 
data from which satisfactory design stresses may be determined. 

There are two general types of welding electrodes used in the 
fabrication of welded structure; bare electrodes and coated or 
shielded-are electrodes. Typical physical properties of weld 
metal deposited by bare and coated electrodes are given in Table 
1, 

Extensive tests on butt-welded joints indicate that the physical 
properties of butt welds are comparable to the physical properties 
of all weld metal. This condition is true regardless of the joint 
design, providing the weld is sound and homogeneous. 

The working stresses for butt welds made with bare electrodes 
as recommended by the American Welding Society in the Struc- 
tural Steel Welding Committee (18) and machinery construc- 
tion codes (19) are given in Table 2 

Comparing the allowable stresses for static tension and com- 
pression given in Table 2 with the minimum ultimate strength of 
weld metal deposited with bare electrodes given in Table 1, 
it is seen that a safety factor of 3.4 is used in tension and 2.5 in 
compression. It is the author’s opinion that the safety factor in 


TABLE 1 PHYSICAL PROPERTIES OF METAL ee BY 
BARE AND COATED ELECTRODE 


Property electrode Coated 


Yield point, lb per sq in 
Ultimate strength, lb per sq in. 
Elongation in 2 in., per cent. 
Reduction of area, ‘per cent. 
Endurance limit, lb per sq in. 
Impact strength, Izod, ft-lb. 
Density, g per cc 


TABLE 2 RECOMMENDED WORKING STRESSES FOR BUTT 
WELDS MADE WITH BARE ELECTRODES 


Structural Machinery 
od 

Static tension, Ib per sqin....... 

Static compression, lb per sq in. 

Static shear, lb per sq in 

Dynamic tension, lb per sq in. 

Dynamic compression, lb per sq in. 

Dynamic shear, |b per sq in 


compression is too small. The design stress for bare-electrode 
welds subjected to compression should be 15,000 Ib per sq in. 
This represents a safety factor of 3. 

The working stress for butt welds in static shear is 11,300 Ih 
per sq in. This is 87 per cent of the working stress for static 
tension and may be questioned. 

Tests made on butt welds in shear by the Westinghouse 
Electric and Manufacturing Company, the Structural Steel 
Welding Committee of the American Bureau of Welding (14) 
and the U. 8. Navy indicate that the shearing strength of butt 
welds is about 65 per cent of the tensile strength. This ratio 
of shearing strength to tensile agrees closely to the theoretical 
ratio of 58 per cent as obtained by the shear-energy theory 
(20, 21). 

In order to have the working stress in shear in agreement with 
the other values it should be approximately 60 per cent of the 
working stress in tension or 8000 lb per sq in. (8000 Ib per sq in. 
is 61.8 per cent of 13,000 lb per sq in.). 

The allowable working stress for butt welds subjected to dy- 
namic loads should be the same for both tension and compression. 
For complete reversal of load, the design stress can be obtained 
from the endurance limit of butt joints or weld metal. Using 
16,000 lb per sq in., which is a typical fatigue value for butt welds, 
and a safety factor 3.2, a working stress of 5000 lb per sq in. is 
obtained. This is the value used by the Westinghouse Electric 
and Manufacturing Company and agrees very well with that 
recommended by the A.W.S. machinery code (19). For dynamic 
shearing stresses a value about 60 per cent of 5000 should be used, 
or 3000 lb per sqin. This value is about 12 per cent lower than 
that recommended by the A.W.S. machinery code (19). 

Considering coated or shielded-are electrode welds, it is seen 
from Table 1 that the tensile strength is from 27 to 30 per 
cent greater than the tensile strength of bare-electrode welds. 
Therefore, it is satisfactory to increase the working stresses for 
static tension, compression, and shear to 16,000, 18,000, and 
10,000 lb per sq in., respectively. The percentage increase in 
all cases is 25 per cent or less. 

For dynamic loadings with this type of electrode using the 
minimum value of 26,000 lb per sq in. and a safety factor of 3.25, 
a working stress of 8000 lb per sq in. is obtained for tension 
and compression. The working stress for shear loadings can be 
established at 5000 lb per sq in. (62.5 per cent of 8000 lb per sq 
in.). 

The tensile strength of fillet welds varies depending upon the 
design of the joint because of the type of loading, secondary bend- 
ing moments and the approximate formulas used in calculating 
the weld stresses. In a report published by the Structural Steel 
Welding Committee of the American Bureau of Welding (14) 
it was found that side (parallel) fillet welds were approximately 
25 per cent weaker than end (transverse) fillet welds. This is, 
of course, what would be expected because side welds are stressed 
in shear while end welds are stressed principally in tension. Also 
joints containing some eccentricity were found to be weaker than 
symmetrical joints. 

In determining the working stress it has been the practice to 
use the weaker joints as the criterion, thereby having only one 
working stress for all types of fillet welds. 

The working stress recommended by the Structural Steel 
Welding Committee (14) and the A.W.S. machinery code (19) 
is 11,300 lb per sq in. This value is derived on the basis of a 
tensile strength of 42,000 lb per sq in. and a safety factor of 3.7 
(the stress of 42,000 lb per sq in. is the weighted average of some 
761 specimens tested by the Structural Steel Welding Committee 
of the American Bureau of Welding). 

This working stress appears to be entirely satisfactory and has 
been used for several years with good success. It is also very 
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convenient because it represents a load-carrying capacity of 1000 
lb per linear in. per '/, in. of weld. In other words, a +/,-in. weld 
1 in. long will carry a 1000-lb load; a */,-in. weld 1 in. long will 
earry a 3000-Ib load and so on. 

The fact that welds made with coated electrodes are from 27 
to 30 per cent stronger than those made with bare electrodes 
makes it possible to increase their working stress to 14,000 lb 
per sqin. (This value is 24 per cent greater than 11,300 lb per 
sq in.) This working stress is also convenient to employ be- 
cause it is approximately equivalent to the decimal equivalent 
of the weld times a factor of 10,000. A 4/.in. weld 1 in. long will 
carry 1250 lb; !/:-in. weld 1 in. long will carry 5000 lb, and 
so on. 

The establishment of working stresses for fillet welds subjected 
to dynamic loadings is a difficult problem because of the large 
variation in the results which have been obtained. Also, in 
many cases the results given are based upon failure in the parent 
metal at the end of the weld and not in the weld metal. As a 
result they do not give fatigue values of the weld. Fatigue data 
on parent-metal failures at the ends of welds are important, 
however, in determining the stress-concentration factor at that 
point in the joint. 

Fatigue tests made by the author and R. E. Peterson (22) on 
transverse fillet welds (bare electrodes) by means of rotating 
specimens, gave endurance limits of the 13,000 to 17,000 lb per 
sq in. for the weld. These tests also gave endurance limits for 
the parent metal at the weld toe of 18,000 lb per sq in. Kom- 
merell (23) obtained endurance limits of 9200 to 14,600 Ib per 
sq in. Hankins (24) obtained endurance limits of 9000 Ib per 
sq in. for bare-electrode welds and 16,000 lb per sq in. for coated- 
electrode welds, while Roberts (25) obtained endurance limits of 
17,900 lb per sq in. for bare electrodes. Ros and Eichinger (26) 
obtained values of about 18,000 lb per sq in. (computed by the 
author on the basis of recommended formulas) on coated elec- 
trodes. 

On the basis of these data a working stress of 3000 lb per sq in. 
for transverse fillet welds made with bare electrodes and 5000 
lb per sq in. for transverse fillet welds made with coated elec- 
trodes appears satisfactory. The fatigue strengths of parallel 
fillet welds are slightly lower than those of transverse fillet welds. 
Hankins (24) found them to be about 13 per cent less, Ros and 
Eichinger (26) about 19 per cent less and Roberts (25) about 
25 per cent less. Kommerell (23), however, found parallel welds 
to be about 20 per cent stronger than transverse welds. Because 
of the large safety factor used for transverse fillet welds it is 
satisfactory to use the same design stress for longitudinal fillet 
welds. This greatly simplifies the design of fillet-welded joints 
and is in agreement with the method employed in selecting the 
static working stress for fillet welds. 

Because the parent metal is weakened at the end or toe of a 
weld as a result of metallurgical changes and stress concentrations, 
it is desirable to determine the stress-concentration factor at 
these points. The stress-concentration factors given are based 
upon mild-steel parent metal. In cases where medium carbon 
or alloy steels are used, these stress-concentration factors may be 
greater because of more serious metallurgical changes. 

Fatigue tests made by the author and the authorities mentioned 
indicate that the endurance limit of mild steel is reduced to about 
18,000 Ib per sq in. (22) at the toe of a transverse fillet weld. 
This corresponds to a stress-concentration factor of 1.5 (the 
endurance limit of mild steel is approximately 27,000 Ib per sq 
in.). This factor appears to be the same for welds made with both 
bare and coated electrodes. 

The endurance limit at the end of parallel fillet welds is 10,000 
to 13,000 lb persq in. This corresponds to a stress-concentration 
factor of 2.7. 
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TABLE 3 WORKING STRESSES AND STRESS-CONCENTRATION 
FACTORS FOR WELDS ON LOW-CARBON STEELS 


-—Working stresses—. 


bare electrodes -—Coated electrodes— 


Static Dynamic Static Dynamic 
loads, oads, loads, loads, 
lb per Ib per ib per Ib per 
Type of weld sq in. 8q in. sq In. sq in. 
Butt welds: 
13000 5000 16000 8000 
Compression...... 15000 5000 18000 8000 
ae 8000 3000 10000 5000 
Fillet welds: 
Transverse and 
parallel welds... 11300 3000 14000 5000 
Stress-concentration factors 
Stress- 
concentration 
Location factor, K 
Reinforced butt welds.......... 1.2 
Toe of transverse fillet weld... . 1.5 
End of parallel fillet weld. . , 3.7 
T butt Joint with sharp corners..... 2.0 


On reinforced butt welds Roberts (25) obtained stress-concen- 
tration factors of 1.2 as compared to machined butt welds. 

For T joints made with butt welds and having a right-angle 
corner, a stress-concentration factor of 2.0 will be found satis- 
factory. 

The working stresses and stress-concentration factors that 
have been derived are given in Table 3. The stress-concen- 
tration factors given are applicable for welds made with both bare 
and coated electrodes, and need only be used in cases where 
dynamic loads are encountered. 


CoMBINED STATIC AND Dynamic Loaps 


The design of structural members subjected to simple static 
or dynamic (complete reversal of stress) loadings is an easy mat- 
ter on the basis of the previous design stresses given. In most 
structures this simple condition is seldom encountered, however, 
because most members are subjected to various combinations of 
static and dynamic loadings. 


ENDURANCE LIMIT 


VARIABLE STRESS 


ULTIMATE 
STEADY STRESS Sg —= 

Fic. 17. Re.ation BETWEEN STEADY AND VARIABLE STRESS 

The accumulation of experimental data obtained on specimens 
under various combinations of static and dynamic loadings has 
made it possible to determine certain relationships. If the steady 
stress is plotted as abscissas against the variable stress as ordi- 
nates, the experimental curve will take the shape shown by the 
dotted line in Fig. 17. Gerber approximated this curve as a 
parabola while Goodman approximated it as a straight line be- 
tween the endurance limit and the ultimate stress. It will be 
noted, however that the curve dips toward the yield point. 
Therefore, it is more simple and conservative to connect the 
endurance limit with the yield point as shown by the dot-and- 
dash line in Fig. 17 (27). 

The line connecting the yield point and: the endurance limit 
is assumed to represent the combinations of steady and variable 
stresses that will cause failure. It is necessary in design practice, 


however, to employ a suitable factor of safety. Consequently, 
the working stresses for variable and steady loads are used in 
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place of the endurance limit and yield point, respectively. This 
confines the permissible stresses within the shaded area of Fig. 
ry. 

The relation between the steady stress S, and the variable 
stress S, as defined by the straight line joining the variable 
working stress S,, and the steady working stress S,, (28) is 

+ Se =1 [39] 
S “MR 

The steady stress S, is equal to one half the algebraic sum of the 
maximum and minimum stresses applied to the member or joint. 
The variable stress S, is equal to one half the algebraic difference 
between the maximum and minimum stresses and the factor K 
is the stress-concentration factor for dynamic loads. If the 
maximum stress is Smax and the minimum stress is Smin then 


K (Smax — (Smax + Smin) = 
Soy 


1 


and 
Smax (Sup + K Syy) + Smin (Sg — K = Suy-- [40] 


If the loading of a joint is known, the weld size can be calculated 
by substituting in Equation [40] the proper expressions for Smax 
and Smin in terms of the loads and the weld size. 

To illustrate the application of Equation [40], consider a butt 
weld between 1-in. plates. This weld is made with coated elec- 
trodes, the reinforcement is not removed, and the tensile load on 
the joint varies from 10,000 to 40,000 lb. The required length of 
the weld is determined as follows: 

From Equation [1], S = (P/hl). Therefore, by substituting 
the value of S in Equation [40] 


Pins 
Seat + Bee — K Sey) = 2 See Sey 
= Pex Swot K Soy), Prin (Swe — K Suy) 
Qh Sve Sey 2h Sue 


From Table 3, S,, = 8000 lb per sq in., S,, = 16,000 lb per 
sq in., and K = 1.2. Solving for l 
40,000[{8000 + (1.2 16,000) | 
2 X 1 X 16,000 x 8000 


l 


10,000 [8000 — (1.2 X 16,000) | 
2 X 1 X 16,000 x 8000 


4 


l = 4.2 — 0.44 = 3.76 or 3.75 in. 

If the load on this joint varied from 40,000 lb tension to 
40,000 lb compression (complete reversal of load) the required 
length would be 


£0,000[8000 + (1.2 X 16,000) 
2X 1 X 16,000 x 8000 
40,000 (8000 — (1.2 X 16,000) } 
1X 16,000 8000 


l = 4.25 + 1.75 = 6in. 
If a welded joint were subjected to shearing stresses, Equation 
(40] still applies but the working stresses for shear are used. 


GENERAL Desicn Notes 


The design of a welded structure does not consist of simply 
designing the many joints to withstand the necessary loads. 
There are many economic and fabrication problems which must 
be considered in order to make the most satisfactory structure. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE 4 MINIMUM-SIZE FILLET WELDS FOR DIFFERENT 
THICKNESSES OF PLATE 


Minimum weld 
Plate thickness, in. 


size, in. 
1/g to 3/,6, inclusive 
1/4 to 5/16, inclusive 
3/s to 5/s, inclusive wh) 
3/4 to 1, inclusive 
11/5 to 13/s, inclusive 
Above 1!/: 


In some cases these problems may be of sufficient importance to 
make the fabrication of the structure entirely impractical. 

The ideal welded structure is composed of the fewest parts 
possible joined with the minimum amount of weld metal that is 
adequate for fabrication and service requirements. Whenever 
possible flanges and adjacent members should be bent from the 
same plate to eliminate corner welds. Structural steel plates 
and shapes cost about 2¢ a pound while deposited weld metal 
costs about $0.50 to $1 a pound. Consequently, the advan- 
tage of reducing the amount of welding is readily recognized. 


12 
MAK 


CHAIN INTERMITTENT WELDING 


Max 


STAGGERED INTERMITTENT WELDING 


Fic. 18 Types or INTERMITTENT WELDING 


When butt welds are used, the plate edges need not be beveled 
for thicknesses '/, in. or less. The edges of heavier plates 
however should be beveled to form some type of V joint. The 
best design of the joint; that is, whether it is a single or double 
bevel, single or double V, single or double U, or single or double 
J will depend upon a number of factors. 

Oxyacetylene and oxyhydrogen cutting, is, in general, the 
cheapest method of preparing bevels for butt joints. It is 
adaptable to complicated shapes and suitable only for cutting 
plane kerf surfaces. Machining is particularly adapted for U- 
type joints, for cases where an excellent fit is required, and for 
parts of such a nature that they can be machined at a relatively 
low cost. 

Double U- and V-type joints are recommended for plates */, in. 
thick and over if it is possible to weld from both sides of the plate. 
This type of joint produces less distortion of the welded parts 
and reduces the amount of weld metal necesary to weld a plate 
of a given thickness. 

The U-type joint with its rounded bottom makes it possible to 
make the first passes with an electrode of any desired diameter. 
The V-type joint is generally narrow at the bottom, consequently, 
the first passes must be made with small-diameter electrodes. 
Regardless of this fact, however, experience indicates that on 
plate thicknesses up to 1 in. there is little or no difference between 
the welding speeds obtained on the two types of joints. 

The width of the bottom of a U-type joint greatly influences the 
welding cost. On plates up to 1 in. in thickness, it is advanta- 
geous to design the joint so that the first passes can be made with 
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large-diameter electrodes. On plates over 1 in. in thickness, it 
is advantageous to design the joint for small-diameter electrodes 
on the first passes. 

When using fillet welds in any design it is important to re- 
member that to double the size of a weld it is necessary to deposit 
four times as much weld metal. This fact often has an important 
influence in determining whether to use continuous or intermittent 
welding. 


If a weld is designed on the basis of stress only, it is often 


possible that very small welds will be satisfactory. Experience 
has shown, however, that there is a minimum-size fillet weld 
that should be applied to a given plate thickness, if a sound strong 
weld is to be obtained. Recommended minimum size fillet 
welds for different plate thicknesses, are given in Table 4. 

When a continuous weld of the minimum size exceeds the re- 
quired strength, and the weld is not required to be leakproof, 
intermittent welds may often be used. The minimum length of 
an intermittent weld should be at least four times the size of the 
fillet and never shorter than 1 in. A certain amount of time is 
required for a welder to start and stop a weld; consequently, 
it is recommended that welds longer than 1 in. be used whenever 
possible in order to reduce their cost. 

Two types of intermittent welding are used, staggered and chain 
welding, as shown in Fig. 18. The choice between the two types 
is open to controversy. The staggered welding, however, has 
the advantage of producing a joint stiffness approximately 
equivalent to that of chain welding by using only half as much 
welding. 

Recommended spacings for intermittent welds limit the maxi- 
mum center-to-center spacing between increments to 16 times the 
thickness of the thinner member for compression, and 32 times 
the thickness of the thinner member for other loadings. In no 
case, however, should the spacing be greater than 12 in. between 
adjacent welds. (This spacing is somewhat greater than that 
permitted by the U.S. Navy on ship construction but it is entirely 
satisfactory for machinery and structures.) 

In cases where two parts are lapped together and it is possible 
to use either parallel or transverse fillet welds, it is recommended 
that parallel welds be used because the load is generally more 
evenly distributed between the welds. 

When fabricating such items as frames and bed plates from bars, 
plates, angles, or channels, it is generally preferred to use straight 
cut-off pieces rather than mitered ends to form the corners. 

Bearing pads and other parts that require subsequent machining 
should have the welds designed strong enough to withstand the 
machining forces which may be larger than the service loads. 
Pads that have a width of over 12 times their thickness should be 
plug-welded at the center to prevent the center from bulging. 
The diameter of plug welds should be made from 2 to 4 times the 
thickness of the plate. 

The general design of all structures should be such as to elimi- 
nate rigid and fixed joints as much as possible. Such joints tend 
to develop high internal stresses which will cause difficulty in 
fabrication and may impair the service life of the structure. 

Equipment that requires close machining tolerances, and that 
will be subjected to dynamic service loads, should be stress- 
relieved after welding whenever possible. This stress-relieving 
process should consist of heating slowly to 1100 or 1200 F, 
soaking for 1 hour per inch of thickness and cooling slowly to at 
least 300 F before removing from the furnace. 


CoNcLUSION 


It has been the aim of this paper to discuss briefly the essential 
factors of welding design. Many of the equations derived for 
computing the weld stresses are admitted to be approximate but 
experience has proved them to be adequate in all respects. 
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The working stresses and stress-concentration factors given are 
for welds made on mild low-carbon steels. When welding steels 
or materials of other types, other working stresses must be used. 
These values may be obtained from experimental tests in a similar 
manner. 
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Appendix 


Figs. 19, 20, 21, and 22 on the preceeding page show a number 
of typical welded joints with the corresponding formulas for cal- 
culating the stresses. The formulas are based upon the methods 
of calculating stresses discussed in the paper. 
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Welding Alloy Steels 


By A. B. KINZEL,! NEW YORK, N. Y. 


The welding of alloy steels is treated under three general 
headings; the low-alloy steels for general structural pur- 
poses, the heat-treated steels of the automotive type for 
machines and general engineering, and the high-alloy 
steels, such as stainless, for use in the chemical industries 
and the like. The effect of welding heat on metal adjacent 
to the weld proper and the intensity of internal stresses to 
be expected with joints of various design and various weld- 
ing practices are discussed. It is shown that the butt weld 
has definite advantages from the engineering standpoint. 
The welding of heat-treated steels with austenitic welding 
rod and the welding of stainless steels with columbium- 
bearing welding rod are recent developments of note. 


best adapted to a given engineering purpose increases at 

a rate in keeping with the spirit of moderntimes. The 
ferrous materials having such specific properties are found 
almost exclusively in the category of alloy stecls. Increased 
strength, corrosion resistance, wear resistance, and ease of 
fabrication are among the specific characteristics achieved to a 
greater degree by alloy steels. Not the least important problem 
in the use of these materials involves the ability to produce 
welded members or structures in which the welded joints have all 
the specific desirable features of the alloy steel proper. 

Many of the recent types of alloy steels may be classified under 
the generic term, ‘low-alloy, high-strength.’’ Steels to meet 
specifications involving 75,000 and 90,000 Ib per sq in. minimum 
ultimate strength, together with ease of fabrication and good 
weldability, have been developed to a remarkable state of perfec- 
tion during the past few years. Practically every steel company 
producing structural plate and sheet now offers a high-strength 
steel involving a low-alloy combination. ‘The combinations of 
alloys in these steels differ widely but each of them successfully 
meets the requirement. 

Low-alloy, high-strength steels as such are not new, having 
been used in bridges and special structural work for many years. 


1 Chief Metallurgist, Union Carbide and Carbon Research Labora- 
tories, Inc. Dr. Kinzel was graduated from Columbia University, 
Massachusetts Institute of Technology, and the University of Nancy, 
France, where he received the degree of doctor of science. In 1926, 
after several years of practical experience as metallurgist, consultant, 
and lecturer in advanced courses in metallurgy at Temple University, 
Dr. Kinzel joined the Union Carbide and Carbon Research Labora- 
tories, Inc., and was made chief metallurgist in 1931. He is the 
author of many papers on testing and welding of metals, on metal- 
lurgy and physical chemistry of steel making, on composition, physi- 
cal properties and uses of alloy steels, and on applied mechanics. 
He holds many patents in these fields. Besides being past chairman 
of the Iron and Steel Division of the American Institute of Mining 
and Metallurgical Engineers, he is at present chairman of the Section 
on Tests for Ductility, A.S.T.M., chairman of the Advisory Com- 
mittee of Dynamic Testing Laboratories, M.1.T., and a member of 
the International Commission for Acetylene and Welding. 

Contributed for presentation at the Welding-Practice Symposium 
sponsored jointly by THe AMERICAN Society oF MECHANICAL 
ENGINEERS and The American Welding Society to be held at Cleve- 
land, Ohio, October 22 and 23, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


\ S engineering progresses, the use of specific materials 


511 


The modern high-strength, low-alloy steels differ from their 
predecessors in that they may be welded without seriously affect- 
ing the metal next to the weld proper. This result is achieved 
through the use of chromium, manganese, or nickel, or some 
combination of these elements with silicon, vanadium, molyb- 
denum, phosphorus, or copper, with carbon at a low level. 
From the fabricating standpoint it matters little which combina- 
tion is used, providing that the alloy content is well-balanced and 
physical properties attained with carbon at 0.14 per cent or less 
in the 75,000 lb per sq in. grade and 0.22 per cent or less in the 
90,000 Ib per sq in. grades. 

It is significant that almost without exception the current 
low-alloy, high-strength American steels approximating 75,000 
lb per sq in. minimum tensile strength are obtained with carbon 
at 0.14 per cent or less, and the steels with a minimum ultimate 
strength of 90,000 Ib per sq in. result from approximately 0.20 
per cent carbon. Most of the low-alloy steel brands on the 
market today are made in both carbon ranges and follow this 
basic principle: The lower the carbon for a given strength, the 
higher the ductility and the lower the susceptibility to hardening 
under the heat-treating conditions imposed by various types of 
welding. 

The welding of the steels in question presents problems com- 
mon to them all. The first of these deals with the fluidity of the 
metal and the nature of the oxide and slag covering produced 
during the welding operation. The alloy content of each of the 
current low-alloy steels is sufficiently low so that no difficulty is 
evidenced on this score and the flowing properties and control- 
lability of the weld puddle when using any of the better standard 
welding rods or electrodes are satisfactory for general-purpose 
welding. The problem which has been given the most serious 
consideration by the steel makers in their choice of analysis 
involves the air hardening of the steel in the zone adjacent to 
the weld. This air hardening may be definitely correlated with 
the carbon content and the ultimate strength of the steel. In 
general no difficulties are encountered due to the air hardening 
of steels containing 0.14 per cent or less carbon and having an 
ultimate strength less than 80,000 Ib per sq in. as any increase 
in hardness due to the heat effect of welding is negligible. In 
the higher strength steels, with carbon at approximately 0.20 
per cent, the air-hardening problem becomes serious with certain 
types of welding and must be given special attention. 

It is significant that European development of low-alloy steels 
which has paralleled the American development in most respects 
differs from it radically in that a minimum ultimate strength of 
73,000 Ib per sq in. is specified and the 90,000 Ib per sq in. grade 
is not currently manufactured and is not approved for use in 
general structural work in Europe. With the higher carbon 
grade the rate of cooling common to many welding operations is 
such that the allotropic transformation temperature of the steel 
is lowered to a point at which a hard structure is produced. 
This structure carries with it proportionate lowering of ductility 
so that in many cases a tempering treatment is requisite. 

Residual internal stress is another problem involved in the 
welding of low-alloy steels which is definitely correlated with the 
air-hardening properties. This is of particular concern in the 
higher strength materials and a stress-relieving treatment which 
at the same time acts as a tempering treatment is frequently 
employed. Even the alloy steels in the 75,000 Ib per sq in. 
class with carbon at 0.14 per cent or less which do not require 
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tempering may, under certain welding conditions, require a stress- 
relieving treatment. It is well known that the zone involving 
temperatures from approximately 450 deg to the transformation 
temperature acts to relieve stress, combining as it does within 
its limits the standard stress-relieving temperature of 500 C. 
The upper limit of this zone is determined by the critical tem- 
perature of the steel on cooling and the width of the zone is 
determined by the temperature gradient involved in the welding 
operation. Moreover, the temperature of transformation is 
not only a function of the analysis of the steel but is further a 
function of the temperature gradient; the steeper this gradient, 
the lower the temperature of transformation, although the rela- 
tion is not linear. 

From the foregoing it will be seen that for a steel which pos- 
sesses predetermined air-hardening properties, the magnitude of 
the stress-relieving zone on welding will be determined largely by 
the temperature gradient. With this in mind consideration of 
various types of welding and types of joints is in order. 

From this point of view the gas-welded butt joint is the most 
satisfactory as the temperature gradient is less steep than with 
any other type of fusion welding currently in use. This is due 
to the fact that an appreciable portion of the plate metal is 
heated to the stress-relieving temperature zone so that the rate 
of cooling of any point next to the weld is definitely lowered. 
Electric arec-welded butt joints come next in the list. Here a 
small but definite zone next to the weld is heated above 500 C 
and this zone parallels the full thickness of the weld. The 
temperature gradient produced under these conditions, while 
steep, is of a much lower order of magnitude than that produced 
in any fillet joint. Fillet joints, due to their mechanical nature, 
carry temperature gradients far in excess of those obtained in 
the butt joints. Fillet joints, gas-welded, comprise but a small 
amount of metal at the edge of the fillet which has been heated 
above 500 C and electric-welded fillet joints comprise a still 
smaller cross-sectional area of metal at this temperature. In 
both instances the heat is transferred from a small area at the 
edge of the weld to the full thickness of the plate proper. The 
net result is to set up very steep gradients. 

To summarize briefly, gas-welded butt joints are least prone 
to air hardening and are relatively free from internal stresses. 
Electric-welded butt joints are prone to air hardening when 
welding 90,000-lb steel and are subject to important internal 
stresses even when welding 75,000 Ib per sq in. steel. The 
degree of this internal stress depends upon the mechanical 
design and location of the joint. All fillet welds tend to air 
harden to some degree. The amount of air hardening produced 
with gas or electric welding is small with a 75,000 lb per sq in. 
steel but with the 90,000-lb steel both gas and electric fillet 
welding produce air hardening to an appreciable degree. In gas- 
welded fillet joints the internal stress produced in 75,000 lb per sq 
in. steel is not serious but in electric-welded fillet joints in 75,000 
Ib per sq in. steel these stresses may be of sufficient importance to 
require stress relieving. Both gas- and electric-welded fillet 
joints in 90,000 lb per sq in. steel result in internal stresses 
making stress relieving mandatory in most instances. 

Another factor involved in stress relieving which pertains 
particularly to low-alloy steels is comprised in the mechanism 
of stress relieving. Presumably stress relief takes place by 
plastic deformation of the metal and the rate of plastic deforma- 
tion may be quantitatively indicated by short-time elastic limit 
or by creep values and the higher these values the less the def- 
ormation for a given stress. In the low-alloy high-tensile steels 
current today both of these values are higher than in carbon steels 
of equivalent tensile strength so that for a given temperature 
gradient a more severe internal-stress condition is to be expected. 

Still another factor pertaining to internal stresses involves 


stress relieving by elastic deformation. This can only be effec- 
tive if the flexural rigidity of the article or member is such as to 
allow local elastic deformation. This implies first that the 
member be constructed of thin material such as sheet metal and 
second that the form of the member be such as to allow the 
required motion without producing second-dimension stresses 
which exert undue restraint. A long, large-diameter sheet- 
metal cylinder is illustrative of the type of article in which stress 
relieving by stress distribution over a larger area due to elastic 
deformation is an important factor and a sphere of steel plate is 
illustrative of the type in which this plays a negligible réle. 

This discussion on internal stresses and air hardening is not 
intended to alarm the designing engineer but rather to point 
out that the problem does exist, that it does require considera- 
tion, and further, to point out those types of welding and types 
of steel to which most consideration must be given. The exist- 
ence of thousands of feet of welding of all types in a wide variety 
of structures and applications is fitting testimony to the adequate 
consideration which fabricators have given to this problem. 
One other feature should also be stressed in this connection, 
namely, that the ductility of the base metal in the 75,000 Ib per 
sq in. steels is so great that the most severe internal stresses are 
frequently relieved by room-temperature plastic deformation of 
the base metal proper. Thus these low-alloy 75,000 Ib per sq in. 
steels have been aptly designated as fool-proof from the welding 
standpoint. The 90,000 lb per sq in. steels must, however, be 
used with discretion when welded structures are involved and 
whenever possible the stress-relieving tempering treatment 
should be applied to welded structures of these steels. 

With the object of obtaining increased corrosion resistance, 
many of the low-alloy steels on the market today contain '/; per 
cent or more of copper. This element not only aids corrosion 
resistance but also provides a moderate increase in tensile 
strength in the as-rolled condition. A further increase in tensile 
strength involving some 15,000 to 20,000 Ib per sq in. may be 
obtained by heat-treating these steels in such a manner as to 
precipitate the copper from solid solution. However, the tem- 
perature range in which this precipitation is effective is compara- 
tively narrow. The effect is completely destroyed by welding 
and if the copper is reprecipitated after welding the user con- 
tinually faces the risk of losing the strength by local heating 
of the object in question after it has left the fabricator’s hands. 
This local heating may occur accidentally or by intent in con- 
nection with repairs or minor alterations. As a result, conserva- 
tive engineers and metallurgists have taken the position that the 
increased strength due to copper precipitation is not to be used 
in design. 

While the low-alloy structural steels are of greatest interest at 
the moment, other alloy steels are also currently welded. Heat- 
treated S.A.E. steels may be joined by welding but in all cases 
a subsequent heat-treatment is necessary to insure optimum 
physical properties. The welding rod used to join these steels 
may be of the same analysis as the steel proper, but it is usual 
to use welding rods designed for optimum flowing properties, 
combined with satisfactory response to heat-treatment. It is 
quite common to weld chromium-nickel steel with chromium- 
molybdenum rod, or nickel-molybdenum steel with chromium- 
manganese-silicon rod. There seems to be very little advantage 
in using a rod of the same composition as the steel as this is only 
one way of fulfilling the single requirement that the response 
to heat-treatment of the deposited metal be of the same character 
as that of the metal being joined. The use of specially designed 
welding-rod analysis fulfills this requirement as well as the 
additional requirements imposed by the welding operation. 

The welding of special steels in which corrosion and oxidation 
resistance rather than physical properties are the prime charac- 
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teristics presents a special case. Here it is necessary to have 
weld metal containing sufficient of the proper alloying ingredients 
to impart at least the same degree of chemical stability to the 
weld as is obtained in the base metal. However, even this 
requirement may be waived in special cases where the joints are 
so located as to receive preferential treatment with respect to 
chemical attack or in which the reinforcement of the weld metal 
is so heavy that a greater rate of chemical attack may be tolerated. 
For example, 4 to 6 per cent chromium steel may be welded with 
4 to 6 per cent chromium-steel rod, but in many cases chromium- 
molybdenum rod, containing only 1 per cent chromium, has been 
found to be satisfactory. 

Where heat-treatment following welding is not possible, the 
use of austenitic welding rod for joining ferritic steel is to be con- 
sidered. This practice is now current in Europe. Welding rod 
containing 25 per cent chromium and 12 per cent nickel, or 
modifications of this analysis, which will result in austenitic 
deposited weld metal, gives such high ductility that internal 
stresses in the weld and adjacent base metal are reduced a 
very great degree. In addition this metal is supposed to protect 
adjacent metal from shock. In all such welding there will 
obviously exist a narrow zone of intermediate alloy content 
which will be martensitic in character and which will accordingly 
be definitely brittle. However, experience indicates that this 
zone is so narrow and is sufficiently discontinuous as to not 
affect the physical properties of the joint as a whole. Only 
further experience will tell whether this discontinuity together 
with the protection afforded by the weld metal proper can be 
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adequately relied upon for engineering structures, but the 
experience to date is all in favor of this type of joint in those 
instances where the high cost of the welding rod can be tolerated. 

The welding of austenitic stainless steel of the 18-8 type is 
another special case having wide ramifications. In such welding 
a specific phenomenon peculiar to austenitic steels is involved, 
namely, a precipitation in the temperature zone approximating 
550 C immediately adjacent to the weld, which zone is rendered 
highly susceptible to chemical attack by this precipitation. A 
complete solution of the problem has been found in the addition 
of columbium to the low-carbon austenitic steels and in the use 
of columbium containing welding rod. Columbium in the 
welding rod renders the deposited metal free from the precipita- 
tion and attack in question and makes possible crossed welds in 
which every point is as free from corrosion as the base metal 
proper. This is due to the fact that the carbide-forming propen- 
sities of columbium prevent prec:pitation from solution in the 
temperature zone in question and the rate of oxidation of colum- 
bium is sufficiently low so that it can be adequately protected by 
a small amount of silicon in the welding rod proper. Thus the 
resulting deposited metal containing columbium uncombined 
with oxygen is clean, and free from intergranular corrosion. 

From all this it will be seen that the welding of alloy steels 
resolves itself into a series of specific problems, that in each case 
these problems have been studied and solved, and that in the 
case of low-alloy steels, and austenitic stainless steels in par- 
ticular, the solutions have been so successful that they may be 
considered to result in fool-proof welding steels and practices. 
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Arc Welding of Structural Alloy Steels 


By W. L. WARNER,! WATERTOWN, MASS. 


The author discusses the effect of welding heat on 
different structural alloy steels. This heat effect, ex- 
pressed in terms of Vickers Brinell hardness, is affected 
by the physical and chemical properties of both the parent 
metal and the electrode used. The author presents 
graphs showing the extent of the effect of these properties 
on the welded structure and on the weldability of the 
material. 


HE EASE or the difficulty with which 2 steel structure may 
‘i fusion-welded successfully depends upon several factors 

including: (1) The chemical composition of the steel, and 
(2) the heat effect of welding on the steel. There are, of course, 
other factors involved, such as heat-treatment of the steel, de- 
sign of the structure, the type of service for which the structure 
is intended, and the availability of suitable welding materials 
and personnel, but the two first mentioned are of fundamental 
metallurgical importance. 

The application of the fusion-welding method in any form 
necessarily involves the use of heat in order to produce fusion. 
This requirement is unavoidable. This heat of welding affects 
certain portions of the steel in the immediate vicinity of the weld 
in the process of depositing the molten metal which forms the 
weld. The zone of the base metal which is affected by the heat 
of welding is called the “heat-affected zone.” 

When considering this zone adjacent to the weld which has 
been affected by the heat of welding, it must be remembered 
that the width of the heat-affected zone and the degree of 
hardness formed are dependent upon the mass of the piece, the 
welding energy used, and the amount of heat input per unit of 
length of weld or the rate of travel of the welding arc, as well as 
the plate composition. Therefore, in making comparisons be- 
tween different steels as to heat effect of welding, such factors as 
the mass of the pieces and the welding conditions must be similar 
or incorrect comparisons will be obtained. Also, it is desirable 
to make the comparisons of heat effect under conditions which 
give as nearly as possible the steepest temperature gradient ob- 
tainable under practical welding conditions. 

The practice at the Watertown arsenal is to make comparisons 
of heat effect on plate metal '/; in. thick. Single beads of weld 
metal are laid approximately 3 in. long on a piece of plate ap- 
proximately 3 in. wide and 9 in. long. The bead is laid length- 


1 Welding Engineer, Watertown Arsenal, Ordnance Department, 
U. S. Army. Mr. Warner attended Union College, receiving his 
B.S. and M.S. in civil engineering in 1920 and 1922, respectively. 
From 1922 to 1927 he was connected with the commercial engineer- 
ing department, and from 1927 to 1931 with the welding engineer- 
ing department of the General Electric Co. Since then he has been 
at Watertown Arsenal. He has at various times served on several 
committees of the American Welding Society. At present Mr. 
Warner is a member of the sub-subcommittees of the Engineering 
Foundation on welding of low-alloy steel and testing of welds. 
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wise of the piece approximately in the center, and when cold, 
a piece about '/; in. wide is cut through the bead and plate about 
1 in. from the start of the bead. This piece is surface-ground on 
both cut surfaces to give true parallel faces for hardness measure- 
ments by the Vickers method. Figs. 1, 2, and 3 show Vickers 
hardness surveys taken on sections of weld beads run with both 
slow and fast welding speeds. 

Comparisons of heat effect on different steels are generally 
made in the as-welded condition, and subsequently the effect of 
stress relieving or other heat-treatment is determined, but the 
basic comparison is made on the as-welded specimen. There are 
good and valid reasons for this procedure. 

Determinations of heat effect on cross sections of multiple- 
layer welds give valuable and interesting data, but the result 
obtained shows the final heat effect due to the multiple-layer 
procedure. A heat-effect test of this nature does not usually 
show the maximum hardening effect on the base metal, which 
occurs when the first layer is deposited on the cold plate, and it 
is at this point in the making of a weld that cracks may start due 
to the heat effect on the base metal. The heat of subsequent 
layers, if applied within a reasonable time, will greatly reduce the 
heat effect of the first layer applied. Hence, the result obtained 
from a hardness survey on the cross section of the finished weld 
does not indicate how dangerous or how critical may have been 
the situation when the first layer was applied. 

Therefore, in this study of heat effect on the base metal, we 
are trying to determine the maximum hardness formed in the 
heat-affected zone under the worst conditions of rapid heating 
and cooling, for after the weld has been finished and given a stress- 
relieving heat-treatment, the danger of plate or weld cracking 
due to high hardness in the heat-affected zone is past. 

The chemical composition of the base metal also has a pro- 
nounced affect on the hardness formed in the heat-affected zone. 
The element mostly responsible for the hardening is carbon. 
The metallic elements are contributory only and serve rather to 
intensify the hardening effect of the carbon than as hardening 
elements themselves. 

In Fig. 4 are shown hardness curves of weld metal and of the 
heat-affected zone on plain carbon steels ranging from about 
0.15 to 0.50 per cent carbon. These weld beads were deposited 
on flat plate '/, in. thick, 9 in. long, and approximately 3 in. wide. 
The weld beads were laid the entire length of the 9-in. piece by 
automatic welding, using a high current of the order of 350-400 
amp. Therefore, the results shown are not directly comparable 
with those shown in Figs. 1, 2, and 3, which are hand welds, be- 
cause the amount of heat put into each specimen by the auto- 
matic welds was far greater than that put into the hand-welded 
specimens; although the plate pieces used in both cases were 
the same size. If, instead of running the weld beads the entire 
length of the 9-in. piece, the beads had been run only 3 or 4 in. 
long in the center, it is the author’s opinion that the curves shown 
in Fig. 4 would have shown considerably higher hardnesses 
even in the lower carbon range. 

The curves shown in Fig. 4 have a considerably steeper slope 
in the higher carbon range from 0.30 to 0.50 per cent than in the 
range from 0.15 to 0.30 per cent. The author believes that this 
difference is similarly true of nearly all steels as far as heat ef- 
fect of welding is concerned. Any one who believes that fifteen 
points of carbon do not have much effect on the hardness of the 
heat-affected zone, therefore, must qualify his statement before 
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Material 


Mn-Mo, no. 1 
Mn-Mo, no. 2 
Cu-Mo 


TABLE 2 
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CHEMICAL 


com 
Mn Si N 
0.62 0.16 
0.64 0.18 3.27 
0.62 0.14 2.09 
0.72 0.02 0.79 0.15 
0.85 0.03 1.08 0.10 
0.35 0.005 1.73 i's 
0.60 0.20 2.09 
0.40 0.76 
1.40 0.20 
0.76 0.26 
1.57 0.43 0.38 
1.00 0O.: 0.49 
0.74 0.24 0.22 


Tensile strength, 
per sq in.— 
Stress 


As 
welded 
104,000 
95,500 
85,000 
99,250 
85,500 


85,350 
97,100 
97,400 
94,870 
85,600 
93,750 


78,000 
87,000 
92,000 
93,300 
83,800 
86,500 


Elastic limit, 


-—lb per sq in.——~ 
A 


As Stress 
welded rel'd 
55,000 
55,000 
49,500 
53,000 
44,400 
46,600 41,600 
50,000 35,400 
48,000 44,000 
55,800 
51,600 50,000 
51,200 46,800 


2 Each value given is the average of two specimens. 
+ Tests not completed. 


Butt 


2 Each value given in the table is the average of two test specimens. 
+ This value obtained from one specimen only. 


AND PHYSICAL PROPERTIES OF PLATE AS ROLLED? 
Physical properties, not welded 
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Tensile strength, Elastic limit, Elong.in 1 Tensile impact, 
per sq in.— --lb per sqin.— -—in., ——ft-lb— 
—~ As Stress As Stress As "Stress As Stress 
Cr rolled rel'd rolled rel'd rolled rel'd rolled’ rel'd 
0.22 107,000 100,000 55,000 61,000 35.0 0 810.0 820.0 
a 90,000 84,000 50,000 57,000 40.0 0 750.0 768.5 
80,000 75,000 42,000 50,000 50.0 0 790.0 29.7 
0.02 105,000 89,000 58,200 60,000 40.0 0 773.0 778.3 
0.02 86,650 73,000 40,800 50,000 46.5 0 740.0 706.1 
a 70,700 67,700 48,400 45,200 56.0 0 768.5 730.1 
, aa 87,300 80,500 54,000 56,000 50.0 5 811.8 797.2 
0.16 1.08 75,800 75,000 43,800 46,200 59.0 0 875.3 836.25 
1,400 80,300 45,400 40,000 53.0 0 934.0 860.7 
aa 96,400 88,500 35,800 36,200 42.5 5 894.8 875.3 
0.02 104,000 92,000 36,000 47,000 42.0 0 890.0 800.0 
0.03 84,000 80,000 37,000 36,500 54.0 0 780.0 800.0 
0.03 90,000 88,000 45,000 50,000 40.0 0 810.0 820.0 
PHYSICAL PROPERTIES OF ARC BUTT WELD AND CHEMICAL PROPERTIES OF ALLOY ELECTRODES# 
Electrodes 
Elong. in 1 Tensile impact, Carbon 
—in., Q-—— ft-l ~ in core 
Stress As Stress — Alloy, wire, 
welded _rel'd welded I’ Ni Mo per cent Coating 
5 560.0 ‘ 2.5 0.3 0.15 Mineral 
.0 600.0 ‘ 2.5 0.3 0.15 Mineral 
0 670.0 us 2.5 0.3 0.15 Mineral 
0 581.6 , KY 0.5 0.13 Organic and mineral 
a) 688.4 ie 0.5 0.13 Organic and mineral 
0 26.0 744.4 0 0.5 0.13 Organic and mineral 
5 36.0 725.6 5 0.5 0.13 Organic and mineral 
5 36.0 698.1 6 0.5 0.13 Organic and mineral 
) 36.5 614.0 0 0.5 0.13 Organic and mineral 
5 38.0 ro> 7 0.5 0.13 Organic and mineral 
) 39.0 697.1 7 0.5 0.13 Organic and mineral 
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ape? 
3'/2% Ni ( 
2% Ni ( 
Cu-Ni-Mo ( 
Cu-Ni-Mo ( 
Cu-Ni ( 
Cu-Ni ( is 
Cr-Cu-P ( 
Mn-Cu ( 
{ 
Plate 
is 
s 
| 
100 
° 
} 
} Botte 
. 
| 
400 | 


518 


expressing himself publicly to that effect. A stress-relieving 
heat-treatment at 600 C will reduce the hardness of the heat- 
affected zone to a level slightly higher than the plate metal as 
rolled. 

At the Watertown arsenal the welding characteristics of several 
of the new low-alloy steels are being studied and compared with 
structural nickel steel as used by the Ordnance Department of 
the U. S. Army for the building of gun carriages. The specified 
physical requirements for this material have been published 
elsewhere. The method of testing used to determine the 
tensile properties of the welded joint is as described in that article,? 
although some changes have been made in the shape of the tensile 
impact specimen for butt joints. The dimensions of the test 


-- 


Fie. 4 Errectr or Heat From Automatic WELDING ON !/2-IN. 
CARBON-STEEL PLATES 
(Courtesy of Dr. W. G. Theisinger and Harvard University.) 


specimen now used for butt joints are shown in Fig. 5. These 
dimensions hold for a single V butt joint having a 30-deg bevel 
or a single U butt joint. The general rule for determining the 
length of the straight test section is to add '/, in. to the width of 
the weld, or to add !/2 in. to the width of the groove. 

In Table 1 are shown the chemical composition and tensile 
properties of unwelded !/,-in. structural alloy-steel plate metals 
which have been tested at the Watertown arsenal. Table 2 
shows the tensile properties obtained from arc butt-welded joints 
on these plates. 

Three commercial types of electrodes, the properties of which 
are given in Table 3, were used for these welding tests. The 
properties of the electrode used in welding the structural nickel 
steels are also given in Table 3. 


2 “Welding of Structural Nickel Steel,” by W. L. Warner, The 
American Welding Society Journal, vol. 13, June, 1934, pp. 15-23. 
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TABLE 3 PROPERTIES OF ELECTRODES: USED IN WELDING 
THE ALLOY-STEEL PLATES 
Carbon 
in the 
Electrode core wire, 
type per cent 
1 0.15 


Low-alloy 
steel 2 0.25 
3 0.15 
0.15 


in the weld 
eposit, per cent 
Mo Ni 


Plate Coating 


Organic and 

mineral 0.5 
Mineral 0.5 
Mineral 


Ni steel Mineral 0.3 


TABLE 4 VALUES OF MAXIMUM HEAT EFFECT 
Vickers Brinell hardness after 


-—welding with arc speeds of—~ 
4 to 6 in. 10 to 12 in. 


OF | Jon | ne, | 


Fie. 5 Dimensions or TENSILE-TEST SPECIMEN FOR Butt WELDS 
AS USED AT THE WATERTOWN ARSENAL 


All of the electrodes listed in Table 3 gave good arcing character- 
istics and sound welds with the exception of electrode No. 3. 
On the copper-nickel steels and those containing high phosphor- 
ous, chromium, and copper, electrode No. 3 gave a porous weld 
metal. However, the tensile properties of this porous weld metal 
were good, in some cases nearly equaling those obtained with 
the alloy electrodes. Figs. 6 and 7 show data on two grades of 
steel from which a comparison between the low-carbon and the 
alloy electrodes may be made. The low-carbon weld values are 
shown by the two blocks at the right in each group of each figure 
as indicated thereon. On the other steels tested, the comparison 
between electrodes was quite similar. 

In Table 4 are shown the maximum hardnesses set up in the 
heat-affected zones of the various plate materials listed in 
Table 1. These hardness values have been determined by the 
procedure previously described and illustrated in Figs. 1, 2, and 3. 

If these maximum hardnesses are compared with the corre- 
sponding plate composition as given in Table 1, some conception 
is obtained of the hardening effect of the alloying elements and 
the relation between this hardening effect and the amount of the 
element present in the steel. Such a comparison is shown in 
Fig. 8. At the top of the left-hand column are shown the values 
of maximum hardness found in the heat-affected zone with the 


Carbon, 
pile Plate? per cent per min per min 
Pee 1 35 490 540 
oe 2 23 330 410 
3 22 240 360 
any 5 09 220 260 
pie 6 06 190 190 
: - 11 17 287 397 
Wen ap 12 12 221 270 
| | 13 29 258 413 
TAT See Table 1. 
| | Cc B 20008 + 
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Fic. 6 Puysicat Properties or Burr Wetps With Tyres or ELEcTRopES ON Four DirFeREnt !/:-In. Cu-N1-Mo 
PLATES 


(Numbers 13, 14, 15, and 16 indicate Toncan metal electrode. Numbers 17, 18, 19, and 20 indicate 0.50-Mo steel electrode. Numbers 21, 22, 23, and 
24 indicate low-carbon steel electrode.) 
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Fig. Prorerties or Butt Wetps Wits Taree Tyres or ELecrropes on !/:-IN. ALLOY-STEEL PLATE 


(Numbers 1, 2, and 3 indicate 0.50-Mo, 0.50-Mo, and low-carbon electrodes, respectively. Results shown by the right-hand group of graphs were 
obtained by using a 0.50-Mo electrode.) 
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Fic. 8 Lerr: RELATION 


oF CHEMICAL CoMPOSITION OF !/2-In. ALLOY PLate AS RoLLED To THE Errect oF WELDING Heat. 


Rigut: Puysicat PRopeRTIES OF THE PLATE As ROLLED 


slow arc-travel speed of 4 to 6 in. per min, which is the approxi- 
mate normal speed for hand welding. The shaded portion of 
each block represents the plate hardness unaffected by the heat 
of welding. The remainder of the left-hand column shows the 
amounts of the various alloying elements in the plate. The 
identification of the plates is shown at the bottom of the left- 
hand column. Physical properties of the plate as rolled are shown 
in the right-hand column. 

It will be noted that the heat effect of welding varies nearly 
as much as the carbon content, and also that this variation is in 
no respect similar to the variation in content of any of the other 
elements shown. This point is believed significant as these data 
indicate that the heat effect of welding obtainable, as shown by 
the maximum hardness found, is determined mainly by the carbon 


content of the plate metal. The presence of metallic elements 
may affect the hardness value to some extent, but the effect of 
the carbon is of most importance. If a so-called weldable alloy 
steel is desired, the carbon content should be limited to a safe 
value which the author suggests as 0.25 per cent. 

It is, of course, possible to weld a high-carbon steel or high- 
alloy steel by using special precautions and procedure, but by 
the term ‘‘weldable,” the author understands that such a steel 
is to be capable of practical welding, easily and without the neces- 
sity for preheating or other heating or cooling precautions to avoid 
cracking and excessive hardness in the heat-affected zone. 

A summary of heat-effect data on structural nickel-steel plate 
is shown in Fig. 9. The carbon content varies from approxi- 
mately 0.20 to 0.45 per cent with a 2 and a 3!/, per cent nickel 
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Fic. 9 Errecr or WetpInG Heat oN '/2-IN. StrucTURAL NICKEL-STEEL PLATE 
(Courtesy of the International Nickel Company.) 


content, respectively. These data show the pronounced effect 
of the carbon on the hardness of the heat-affected zone. 

Nickel is sometimes considered as a hardening element in 
steel and should therefore be very limited in amount for weld- 
ability. A study of the data in Fig. 9 will show that when the 
carbon content is less than 0.25 per cent, the hardness in the heat- 
affected zone is not seriously affected by the nickel content. 
Also, if the averages of the shaded areas in the upper half of 
Fig. 9 were considered, it would be found that for 2 and 3'/, 
per cent nickel content, the average hardness would be 430 and 
500, respectively. Thus, for a 75 per cent increase of nickel, 
the average hardness increases about 15 per cent. If now we 
consider the 2 per cent nickel alone and compare the average 
hardness for the minimum and maximum carbon content, it is 
seen that for carbon contents of 0.22 and 0.45 per cent, the average 
hardness is 300 and 540, respectively. Thus, for a 100 per cent 
increase in carbon content there is an 80 per cent increase in the 
hardness of the heat-affected zone when 2 per cent of nickel is 
present. The same comparison when 3'/; per cent nickel is 
present shows that with 0.22 and 0.45 per cent carbon, the average 
hardness is 370 and 600, respectively, or an increase of 65 per 
cent in the hardness of the heat-affected zone with a carbon in- 
crease of 100 per cent. These figures clearly indicate that the 
carbon content, rather than nickel, is of primary importance when 
considering the weldability of structural nickel steel. 

It is regretted that the author has not sufficient data on steels 
containing other metallic elements as a major item along with 
carbon so that a similar comparison can be made. Data of this 
sort are of great importance not only to the designer of welded 


structures and the welding engineer who is concerned with the 
building of them, but also to the steel maker who must make 
steel plate suited to the requirements of the users of welded 
structures. 

If we may assume, for the sake of argument, that the maximum 
hardness of the heat-affected zone is an index of the weldability 
of the steel plate, i.e., the lower the hardness in the heat-af- 
fected zone, the better is the weldability of the steel, and plot the 
tensile properties of the plate against this hardness, then we may 
obtain some conception of the desirability of various plate com- 
positions for different design requirements. 

In Fig. 10 are shown the values given in Table 1 plotted 
against the maximum hardness in the heat-affected zones as 
given in Table 4. The graphs in each of the figures have been 
arranged in five groups according to carbon content. If we con- 
sider the tensile strength and proportional (elastic) limit values 
shown, it is apparent that with a carbon content of 0.30 per cent 
or over, an increase of strength cannot be obtained without a 
considerable increase in the hardness of the heat-affected zone or, 
in other words, decreased weldability. 

With a carbon content up to 0.22 per cent, the average slope 
of the curves is less than for carbon contents of 0.30 and 0.35 
per cent, so that an increase of tensile strength or proportional 
(elastic) limit can be obtained with the lower carbon alloys at a 
much smaller sacrifice of weldability. This appears to the author 
as a fundamental metallurgical principle applicable to the weld- 
ing qualities of structural alloy steels, the only difficulty being 
that in this study there are too few compositions in any one group. 

If, therefore, this welding principle is true, then increased 
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Fig. 10 Errect or WELDING HEat Vs. THE PHYSICAL PROPERTIES OF !/2-IN. LOw-ALLOY-STEEL PLATE 


(Numbers in circles refer to Table 1. Solid line indicates results from steels as rolled. The broken lines indicate results after stress relieving at 600 C.) 


| (0.22~-0.36%C) | | Nie 


Vickers BRINELL 

Vickers BRINELL 
\ 


(omm. 1 0%cu,) 0.22%C 


co tH 


OS 40 4.5 .10 .20 .30 40 © .20 230 40 10 20 30 4.0 
Zo COPPER %o CARBON. Za CARBON Je NICKEL 


A B C D 


Fie. 11 INFLUENCE oF CHEMICAL CoMPoSsITION OF !/2-IN. Low-ALLOY-STEEL PLATE ON Errecr 


tensile properties should be obtained, not by increasing the carbon or weldability increases. This is as it should be. However, 


content, but rather by increasing the alloy content of the steel there is one exception to this rule, steel No. 9, which 


is in the 


and at all times the carbon should not be over 0.25 per cent for range of 0.30 per cent carbon, shows an increase of these two 


good weldability. 


properties with an increase of hardness or decrease of weldability. 


With reference to Fig. 10, the values for elongation and tensile This particular steel is of high manganese content and no definite 
impact appear to increase as the value for heat effect decreases, reason can be suggested for this apparent peculiarity. 
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Fic. 12 Errecr or Weupine Heat Vs. THE Puysicat Properties oF '/~IN. Low-ALLoY-STEEL PLATE as ROLLED 
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In Fig. 11 are shown a 
few apparent relations be- 
tween alloy content and 
heat effect of welding. The 
effect of copper indicates a 
decrease in hardness with 
an increase of copper in the 
presence of 2 per cent nickel. 
In this particular case, how- 
ever, the carbon content 
also dropped from 0.22 to 
0.16 per cent, so that the 
curve does not show the ef- 
fect of the copper alone. 
The effect of the carbon is 
shown in Fig. 11B and C. 
Note that the slope of the 
curves is slightly greater 
than 45 deg, which indi- 
cates a rapid increase of 
hardness with increasing 
carbon. Note here that the 
slopes of the two curves are 


practically identical, indicating that the effect of the carbon on 
the weldability is independent of the metallics present in the 
steel in this case. 

Further, if we transpose the curve in Fig. 11C to the coordinates 
of Fig. 11B, it is seen that probably the steel containing 1.0 
per cent copper, were the carbon to be increased to about 0.30 
per cent, would have a slightly greater hardness than the 3!/; 
per cent nickel steel. In this comparison about 1'/, per cent of 
nickel is replaced by 1.0 per cent of copper with a resultant ap- 
parent greater hardness. However, it is possible that alloying 
elements in combination with each other have quite different 
effects than when acting alone in the steel. In any case, the ef- 
fect of the carbon is self-evident. 

By plotting the tensile properties of these steels together on 
one set of coordinates as shown in Figs. 12 and 13, the steels 
may be more easily compared. The average values, repre- 
sented by the solid line, indicate a gradual increase of strength 
as the hardness of the heat-affected zone increases. If a maximum 
hardness of 50 points in excess of the average is allowed, then the 
broken line indicates an arbitrarily selected upper limit of ac- 
ceptability for welding purposes. 

Considering this method of testing only, these materials might 
be listed in the order of desirability shown by Table 5. It should 
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Fic. 15 Resutts or TENSILE Impact Tests ON Butr WELDS ON !/2-IN. PLAIN-CARBON AND STRUCTURAL NICKEL- 
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Fic. 16 Resvuits or Low-TeMPERATURE TENSILE Impact Tests oF UNWELDED !/2+IN. StrucruRAL ALLOY-STEEL PLATE StrREss 
RELIEVED aT 600 C 


Ch 
a 
__1400 — — 
— 
asot-t-r te — 
| 
*SAR 
| AR Ap | i | 7 
| SK648.2-1) | | _B-18-36 


Fie. 17 Resuttrs or Tensite Impacr Tests oF UNWELDED !/:-IN. StRucTURAL ALLOY-STEEL PLATE 
(Numbers on curves refer to steels listed in Table 1.) 
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TABLE TENTATIVE ORDER OF ACCEPTABILITY OF STEELS 


FOR WELDING PURPOSES 


Plate number? 
As rolled Stress relieved 


Strength of plate 
Tensile strength, lb per sq in.: 


11 1 
10 
1 
10 1 
13 10 
9 13 
5 
5 12 
12 2 
3 9 
8 
6 3 
6 
Proportional (elastic) limit, lb per sq in.: a ‘ 
7 
7 7 
2 5 
1 13 
9 ll 
13 6 
8 8 
5 
3 12 
5 9 


@ Numbers refer to Tables 1 and 2. 


be understood, however, that these data cover only the phases 
of weldability discussed here and, that other factors not studied 
here may change the desirability of any given composition of 
steel for a given welded structure. 

The specified minimum tensile-strength and yield-point re- 
quirements for steel plate used in welded ordnance structures 
are 85,000 and 50,000 lb per sq in., respectively. These limits 
allow steels Nos. 11, 1, 13, 10, and 4 to be considered for tensile 
strength in the stress-relieved condition, while steels Nos. 4, 1 
2, and 7 can be considered for elastic limit in the stress-relieved 
condition. Steels Nos. 5-3-13 are on the line at an elastic limit 
of 50,000 Ib per sq in., but this is too close to the minimum to be 
considered. 

This leaves steel No. 1, as second choice in both cases because 
of the high hardness in the heat-affected zone. Steel No. 11 is 
best for tensile strength and steel No. 4 is best for elastic strength 
and both are of considerably lower carbon content than steel No. 
1, which makes for lower hardness in the heat-affected zone, or 
better weldability, although steel No. 11 falls below the limit on 
elastic strength. Steel No. 2 (0.22 per cent carbon and 3.5 per 
cent nickel) is very acceptable on elastic strength but falls down 
below the limit of 85,000 lb per sq in. tensile strength, and its 
weldability (heat effect) is on a par with steel No. 4, which with 
steel No. 1 is included in both groups. 

It is hoped that eventually a similar study may be made of 
weld properties on these steels when the welding tests have been 
completed. Under those conditions comparisons may be some- 
what complicated by differences in electrode materials. 

The tensile properties of steels as normally determined present 
a relationship between certain characteristics of the materials 
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which may change considerably under other types of tests, such 
as low-temperature impact and high-velocity impact. 

In Fig. 14 is shown the shape of test specimen used at the 
Watertown arsenal for low-temperature impact tests of butt 
welds. The specimen shown is used for -/,-in. taick plate and 
has a straight test section 1 in. long with !/s-in. radius at each 
end, or a total length between shoulders of 1.25 in. The cross 
section is '/, in. wide by the plate thickness, and the total length 
of the specimen is approximately 3 in. Tests of the unwelded 
plate are made also with this specimen. 

Low-temperature impact data on butt welds of '/,-in. structural 
carbon-steel and structural nickel-steel plate are shown in Fig. 
15. The No. 2, 0.20 C-3.5 Ni steel holds up best at low tem- 
perature, and the effect of the carbon on the subzero impact 
strength is clearly indicated by comparing the results for steels 
Nos. 1 and 2. The structural carbon-steel plate shows a de- 
cided drop at —50 F. 

Low-temperature impact data on plates Nos. 8, 9, and 10 
listed in Table 1 are shown in Fig. 16. The test specimen used 
was that shown in Fig. 14. Steel 9, containing high manganese 
with medium carbon, appears to hold up better at low tempera- 
ture under impact loads than either No. 8 or No. 10. 

In Fig. 17 are shown data on four structural alloy steels tested 
in the variable-speed impact testing machine at the Watertown 
arsenal laboratory. The data shown indicate that there is no 
dron in the impact strength of the copper-nickel steel in the as- 
rolled condition up to 150 fps velocity of impact. The high- 
phosphorus steel shows no drop up to this velocity in the stress- 
relieved condition but as-rolled this steel does show a drop at a 
velocity of about 30 fps. These data indicate the value of stress 
relieving. 

Steel No. 4, also included in Fig. 17, shows not only an in- 
crease of critical velocity on stress relieving but also an increase 
of impact strength of approximately 15 per cent. 

At the time this paper was prepared these tests were not com- 
pleted but it is hoped that eventually the data on low-temperature 
impact and high-velocity impact will become available not only 
on the plate materials themselves, but also on butt welds of these 
materials made with various electrodes. With data of this kind 
available, it is quite probable that the comparison of weldability 
may be somewhat different from that derived by the tensile test 
alone. 

It is of interest to consider, for a moment, the possibilities of- 
fered for comparing structural steels by the tests mentioned in 
this discussion. The tensile test gives values which the designer 
can use for design of structures for static loads. The tensile 
impact test® either at room or low temperatures does not give 
values which the designer can apply directly to his design, but 
the results of such tests are a valuable guide to the selection of 
material for the design where dynamic loading is to be encountered. 

In conclusion, the author wishes to acknowledge the invaluable 
assistance and many helpful suggestions of Colonel G. F. Jenks, 
Commanding Officer, Watertown arsenal, and Chairman, Sub- 
committee on Industrial Research, Engineering Foundation. 
The help given by the International Nickel Company, and the 
Climax Molybdenum Company, and the privilege of using data 
obtained under their sponsorship is appreciated. The samples 
of plate material furnished by the Carnegie Steel Company, the 
Republic Steel Corporation, and the Youngstown Sheet and 
Tube Company have greatly facilitated this study of the welding 
quality of low-alloy steels. 


* “The Relation Between the Tension Static and Dynamic Tests,” 
by H. C. Mann, Proceedings A.S.T.M., vol. 35, part 2, 1935, pp- 
323-335. 
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Rolled Steel in Machine Construction 


By H. G. MARSH,' PITTSBURGH, PA. 


The author discusses the extent to which welding is 
used in the design and construction of machine tools, 
and advances reasons why its application is not more 
universal. 


AST YEAR 80,000,000 Ib of electric-welding rods were used. 
L=: the basis of 25 to 40 lb of welding rod per ton of steel, 

it indicates that between 2,000,000 and 3,000,000 tons of 
steel were welded. Automobiles, buses, street cars, high-speed 
trains, and airplanes all depend to some extent on the satis- 
factory performance of welds. Welding has become so common 
that the public accepts it without comment, and in many cases 
it is actually preferred, especially where general appearance is an 
important factor. 

The magazine Machine Design in the last year described 133 
newly designed machines, 19 of which were made of welded 
rolled steel, 45 had been partially converted from castings to 
welded steel, and 69 were still made of castings. The machinery 
and equipment described were of all classes. 

The American Machinist for the same period described 263 
machine tools, of which 10 were made entirely of welded rolled 
steel; 14 were partially converted, and 239 were made entirely of 
castings. 

In the field of power shovels and road-building equipment, it 
has been estimated that 50 to 60 per cent of the weight of all the 
machinery built has been converted from castings to rolled steel. 
In other lines, such as presses, brakes, electric cranes, and heavy 
industrial equipment, the conversion has been from 15 to 50 
per cent completed. The large electrical manufacturing com- 
panies have gone to the economical limit set by present welding 
practice. 

Notwithstanding all this progress, the use of welding in general 
machine construction is still much restricted, as compared to its 
ultimate possibilities. There is much to be done before the bene- 
fit of this type of construction will be realized to the proper ex- 
tent. Those familiar with this development and its possibilities 
estimate that the conversion from castings to welded rolled steel 
for machinery in general is only about 15 per cent complete. 
The reason for the apparent backwardness of welded steel in this 
field is not because steel is an unsuitable material for machine 
construction. On the contrary, it has all the qualities required 
for the purpose. It is low in cost, reliable, and available in a 
great variety of shapes and qualities. Nor is it a matter of 
cost, for in most cases where welded construction has been 


‘In charge of sales service and training, Carnegie-Illinois Steel 
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of years in welding from the promotional point of view. 
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adopted the costs have been reduced. Even if such were not the 
case, the use of steel would not necessarily be prohibited, for if it 
does a better job and meets with the acceptance of the buyer, it 
can command a higher price. Steel has replaced wood, cast iron, 
malleable and steel castings in hundreds of cases at increased 
cost but its suitability for the purpose made its use advisable. 

The hesitant progress of welded rolled steel in the machinery 
field is due to a readily discernible apathy toward welding on the 
part of many engineers. There are a large number who still re- 
gard welding as just a handy tool for the millwright in case some- 
thing breaks. They hesitate to use welding in the construction of 
machinery they design, or to advocate its use in the machines they 
purchase, because they are not sufficiently informed of its pos- 
sibilities and demonstrated performance. A little more familiar- 
ity with the process of welding would dispel much of this doubt. 

The manufacturer of a certain type of machine, which is built 
entirely of welded steel, recently stated that they were very 
careful to eliminate all evidence of welding. No reference to the 
machine’s being welded is made in any of their advertisements or 
other printed matter. This is done because of the sales resist- 
ance to welding they have experienced in marketing their product. 
The machine is not sold to the general public, or this procedure 
would be unnecessary. It is sold to engineers and production 
managers, who, above every one else, should know about welding 
and have faith in it when properly used. 

Another manufacturer recently went to considerable expense to 
duplicate exactly in welded steel a standard machine of cast con- 
struction so that a service test could be secured. All evidence of 
welding was carefully concealed so there would be no objection 
on the part of any one in the buyers’ operating organization be- 
cause of its being welded. 

It was very noticeable at a recent machine show that manu- 
facturers who used welded construction took pains to conceal it 
just as much as possible. This was not solely for the sake of 
appearance, although it is admitted that a smooth well-rounded 
fillet has a very definite appearance value. A gentleman who 
was much interested in the subject at the time called attention to 
the fact that regardless of all the publicity on welded construc- 
tion, he saw none of it at the show. Fortunately, it was possible 
to give him the names of about twenty well-known machine-tool 
manufacturers who were exhibiting welded structures there, 
but unless one was looking for this feature particularly, it was 
rather difficult to discover many examples of it. 

The steel industry’s interest in the market now being expanded 
by welding is not an entirely selfish one. Steel is a progressive 
industry and while naturally interested in extending the use of 
its product, it is also interested in developing its equipment along 
the best economical and engineering lines. It realizes the advan- 
tages of this construction and uses it wherever applicable. It is 
favored and many times specified in the equipment bought. 
With this twofold interest in the development of welded construc- 
tion, the steel industry is watching its progress very carefully. 

Sales resistance to welded construction exists among many 
engineers because they have not employed it to a sufficient extent 
to become acquainted with its various methods of application 
and the results obtainable thereby. They do not use it in their 
designs because they believe that only a welding technician can 
design welded structures. This is an erroneous point of view, 
especially with respect to the type of structures under discussion, 
i.e., machinery. 
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There is nothing mysterious about a weld. It is simply a joint 
by which two pieces of metal are held rigidly together. Rivets 
and bolts perform the same function. If the physical qualities of 
the weld, such as tensile strength, ductility, and resistance to 
fatigue and impact are known and these fulfill the requirements, 
the joined pieces may be considered as one piece, and the fact 
that they are welded may be entirely forgotten. 

The question is immediately asked: “What if the weld is not 
perfect?” It does not have to be perfect. Welds generally con- 
sist of a number of layers of weld metal superimposed on each 
other and fused together, and the possibility of slight imperfec- 
tions in several layers occurring at the same point is very remote. 
It is no more necessary to examine a weld for blow holes, segrega- 
tion, and cracks than it is a casting. Nor is it more necessary 
for a welded joint to be perfect than a riveted one, because con- 
ventional factors of safety take care of discrepancies or variations 
in workmanship and material. 

The question as to whether there is a standard of workmanship 
among welding operators, which may be depended upon, may be 
answered in the affirmative. This is especially true in the field of 
machine construction. It is assumed that the designer of such 
machinery will depend upon a competent welding unit in his own 
organization, or that the work will be sent to a reputable com- 
mercial weldery. In either case, the standard of the work done 
will be sufficiently high and uniform for his purpose. With 
modern apparatus and materials, welding of mild steel presents 
no difficulties, and resulting welds are quite satisfactory from 
every viewpoint. 

It is realized that special conditions and materials modify 
welding procedure and introduce problems which require a 
specialized knowledge of welding. Some of these involve metal- 
lurgy and heat-treatment, and must necessarily be left to experts 
in this line. Expert advice is readily obtainable when such 


special problems are encountered. 
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Many detailers design riveted joints with little knowledge of 
riveting except that given in our standard engineering hand- 
books. They seem to have learned the difference between a rivet 
in shear and one in tension without any exhaustive study of the 
subject. Give them the same data on welded joints, and a 
general knowledge of the properties of weld metal to be added to 
their usual good mechanical sense, and they will design welded 
structures in a very acceptable manner. How disastrous it 
would be if drawings of riveted structures were sent to the shop 
marked “rivet here’? and the mechanic was left to exercise his 
own judgment as to the size and spacing of the rivets. For a 
while this was and still is the accepted method of ‘detailing’ 
welds in some shops. 

It is an exploded theory that a welding technician is required 
for the design of welded machinery. With standardized data on 
welds comparable to those available on riveting, a designer of 
presses, who has spent years in that line will design a better 
welded press than the best welding technician in the world. In 
the Pittsburgh district there are several hundred men turning 
out creditable designs without a first-hand knowledge of the 
technical details of welding. 

The way to break down the existing sales resistance to welded 
construction is to start the thousands of designers in this country 
using it. The way to start them using it is to give them simple 
and reliable data on welds. This is a challenge to all who are 
interested in the more widespread application of the method, and 
every proper means should be used to place the necessary informa- 
tion in the hands of those who can make effective use of it. 

The designer is of utmost importance to the development of 
industry. He does not have time to become a welding technician, 
nor is it necessary. Supply him with reliable and workable data, 
and with his keen insight and ingenuity he will quickly grasp the 
principles of welding and lift welded machine design to new 
heights. 
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Welding Heavy Machinery 


By C. A. WILLS! anv F. L. LINDEMUTH,? YOUNGSTOWN, OHIO 


This paper is a presentation of the problems met with 
in the designing, fabrication, and stress relieving of welded 
machine parts and other types of welded equipment. In 
discussing the solutions of these problems, the authors 
refer to the welding of fabricated machine parts and equip- 
ment as accomplished by the company with which they are 
associated. 


N MANUFACTURING or fabricating any kind of equipment 
I or part thereof, obviously the first thing that must be 
considered is the design. There will generally be some more 
or less fixed overall and detail dimensions and clearances which 
must be adhered to and certain requirements as to strength in 
the various parts of the structure. In a machine there will be a 
combination of such parts as wheels, shafts, bearings, links, 
cylinders, and rods supported in a frame which will often be of 
welded steel. Quite often the machine under consideration is 
similar to a machine which has been previously made, but the 
parts now to be made of welded steel had previously been made 
of some other material. 

Various methods of construction have certain limitations, and 
the product made under such limitations is not ideal although 
it is the best that can be made with the construction method 
used. For instance, in riveted construction awkward expedients 
are used sometimes merely to provide sufficient clearance to in- 
sert and drive the rivets, excess material is used to provide con- 
nections of sufficient strength, and a large number of auxiliary 
members, such as splice plates and clip angles are added. 

In making castings, the limitations imposed are those of the 
casting process, some of which are: (1) The casting should be 
fairly uniform in thickness throughout so that the metal will 
fill all parts of the mold and thus cool at a fairly uniform rate. 
(2) The shape is limited by what can be economically molded. 
(3) It may be necessary to make a large or intricate member in 
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several pieces which are machined and keyed and bolted together. 
(4) A casting is necessarily one kind of material. 

However, intricate and irregular shapes can be produced much 
more advantageously by casting than they can by any other 
method of construction, especially if more than one casting is to 
be made from an expensive pattern. 

When a welded-steel structure is being designed, the designer 
must realize what can or cannot be done in welded steel in order 
not to handicap the design from the start with the limitations of 
some other construction process. About the only limits as to size 
and shape of a welded-steel structure are those imposed by 
machining and shipping facilities: thick and thin members can 
be welded together; strong, rigid sections, such as box-shaped 
sections, difficult even to approximate in castings, are easy to 
make; and various materials can be combined in one piece. By 
considering the welded job in the light of the possibilities and 
limitations of the welding process, and not as a means of produc- 
ing an imitation of some other kind of construction, better 
results are obtained from the point of view of strength, rigidity, 
cost, and appearance. For example, a casting may be an I-section 
with stiffening ribs, which is only a fair design for strength and 
rigidity, and may have an outside surface with a series of un- 
sightly pockets which are hard to keep clean. With welded steel 
it may be possible to make this same surface a box section with 
straight and smooth surfaces which can be kept clean with a 
minimum of care and is pleasing in appearance. A comparison 
of welded construction and riveted construction of a ladle is 
shown in Fig. 1 while a comparison of a welded and a cast machine 
tool is shown in Fig. 2. There may be certain parts of the con- 
struction which become too complicated to work out economically 
in welded steel, but which are easily made in a casting. For 
these parts a small steel casting can be made and welded into the 
large welded-steel member. This type of construction is illus- 
trated in Figs. 3 and 4. 

The thickness of the material to be used throughout the 
structure and the amount of welding necessary can be determined 
from an analysis similar to that made by a structural designer in 
determining the sizes of various members and the joints. The 
authors have no fixed rule that certain thicknesses of plate require 
welds of a certain size or shape. They sometimes find that a 
certain thickness of plate may be sufficient to carry the loads 
but not sufficient to enable the welder to build up the required 
shape and size of weld. In a case like this the thickness of the 
plate may be increased or the design may be changed to meet 
the welding requirements. 

In designing for rigidity rather than strength, it should be kept 
in mind that the modulus of elasticity of steel is twice that of 
cast iron, that is, it is twice as stiff. 

Too much welding can have disadvantages. The deposited 
weld metal is a very expensive material, costing from $0.50 to 
$1 or more a pound, based on the rod used to make the weld. 
Thus, excessive welding runs up the cost with no compensating 
advantage. As the weld metal cools it tends to contract, so that 
the whole structure assumes a distorted shape, and the more 
weld metal there is the greater this distortion will be. The stresses 
in these welds tend to relieve themselves with age and the whole 
structure goes back to its original undistorted shape. In a struc- 
ture, in which for some reason the welding stresses are not 
relieved and in which accurate permanent shape is necessary, an 
excessive amount of welding can be of considerable disadvantage. 
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Fie. 1 anv RIveTED STeEL-MILL LADLES 


(The two ladles are approximately the same size but the welded ladle is 33 per cent lighter than the riveted construction. 
ladle into which the trunnions are D aongaene are highly stressed and there was not room to develop sufficient welding. 
1 


tained by a combination of wel 


Occasionally in highly stressed structures there may be diffi- 
culty in getting the necessary amount of welding in the space 
available. There are various ways of circumventing this diffi- 
culty. The amount of welding along the edge of the plate can be 
increased by serrating the edge. Another scheme is to plug 
weld, which is punching or drilling holes through one plate of 
an overlapping pair and filling the holes with weld metal. These 
welds are rather uncertain and are not to be recommended be- 
cause it is difficult to obtain adequate penetration at the bottom 
and between successive layers of weld, and to work out the slag 
as the welding proceeds when holes are small and metal is thick. 
A combination of welding and rivets and fitted pins or bolts 
can be used. Strenuous objections have been made to the use 
of this type of joint on the basis that it is not theoretically cor- 
rect, which is true. However, a riveted joint with three or more 
rivets in line is Just as incorrect, and yet we do know that it is 
satisfactory in spite of theory. Very few joints other than a 
welded butt joint will stand a rigid theoretical analysis. 

Sometimes it is desirable to use two or more kinds of material 
in one structure, as, for example, in the case of the gear blank 
shown in Fig. 5 where high-carbon or alloy steel is used in 
combination with low-carbon steel. Such combinations are im- 
possible in a casting. However, the structure can be made either 
of a compromise material or separate pieces of the different 
materials fastened together in some more or less expensive man- 
ner. 

But with welding, various materials can be combined into one 
piece, the only limitations being to find a welding rod which can 
be used satisfactorily to bond the various materials and to use 
materials which have sufficiently similar properties, such as 
modulus of elasticity or coefficient of expansion, for the service 
for which they are intended. 

When the authors have the alternative of using either light 
sections reinforced with ribs, gussets and knee braces, or heavier 
sections which do not require these small braces, the heavier 
sections are generally preferred. Such little braces are expensive, 
it is hard to make the welds around them tidy, and they spoil 
the appearance of what would otherwise be large clean surfaces. 


The pads of the welded 
The necessary strength was ob- 


ng and riveting. The welding stresses were relieved at approximately 1200 F to obtain maximum strength.) 


Fig. 2) AND Cast TooLs oF THE SAME Tyrt 
(Courtesy of The Oilgear Company Milwaukee.) 


The authors do not advise the building up, peening, chipping 
or grinding of welds to make them look like, say, large fillets on a 
casting. This is a matter of individual taste, but the authors 
believe that a well-made weld has sufficient beauty of its own and 
that it is not necessary to try to make it look like something else. 
If the weld is not chipped or peened the inspector has a better 
opportunity for a surface examination, which is often the only 
inspection possible to determine the workmanship of a finished 
weld. Peening to smooth the weld may temporarily cover up 
certain defects such as porosity and unevenness. When not 
skillfully done it may mutilate the weld to a point where its 
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MACHINE-SHOP PRACTICE 


strength is seriously impaired. On the other hand, there are 
certain kinds of work where the natural roughness in the surface 
of the weld is not desirable, in which case the proper thing to do 
is to grind, chip, or peen the welds to get the appearance desired, 
or the surfaces can be smoothed with filler before the final 
painting. 

In designing and fabricating welded work the authors consider 
only the possibilities and limitations of the welding process and do 


Fie. 3) Gear Case THE INTRICATELY SHAPED BEARINGS OF 
Wuicu STEEL CastTiInGs WELDED INTO THE ROLLED-STEEL 
FRAME 
(The main frame of the gear case was annealed at 1200 F to relieve stresses 
and to prevent distortion during and after machining. The cover is of thin 
plates and was not annealed, but the design was worked out so that slight 
distortion of the cover would not ey the alignment of the principal mem- 

rs.) 


Fie.4 Frame ror SHear Mave or Heavy Rouiep Piates 
THE Top-BEARING Stee, Casting WELDED INTO PLACE 


not limit the size, shape, and appearance of a structure to what 
can be made by another process. In this way it is possible not 
only to get the most economical results but often to get better 
strength and appearance than can be obtained in any other 
way. This is illustrated in Figs. 6 and 7. 


Srress Revievine WELDED SrrucTurEs 
The question of relieving the locked-up stresses in the welds 
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is one in which there are great differences of opinion as to neces- 
sity, desirability, and methods for accomplishing it. 

As stated before, weld metal tends to decrease in volume on 
cooling and is restrained from doing so by the parent metal. This 
sets up stresses both in the weld and the parent metal and pulls 
the entire structure out of shape until an equilibrium of stresses 
is established throughout the structure. These stresses decrease 
and disappear in time in a manner similar to the way the stresses 
in castings are relieved by aging. As the stresses decrease the 
shape of the structure changes until the strains finally disappear. 

When a welded structure in a state of strain is machined and 
some of the metal is taken away, the previous equilibrium is 
destroyed and a new one set up, accompanied by a change in 
shape of the entire structure, so that it may be impossible to 
machine such a piece satisfactorily. 

When weld metal is in a state of strain its efficiency as a joining 
material is impaired. 


Fie.5 Wewtpep Gear BLank Wits Huss or ForGep WeB 
Memsers or 0.20 CarBon-STEEL PLATE, AND Rim oF 0.45 CARBON- 
Stree. PLATE 


When accurate dimensions or maximum strength is necessary, 
the internal stresses in the weld metal should be removed in some 
manner before any machine work is done. These stresses can be 
removed in two ways: (1) By cold working or peening the 
weld metal to decrease its volume to what it wouid be if there 
were no strains in it, and (2) by heating it to a sufficiently high 
temperature for a sufficient length of time, which is simply an 
accelerated aging process. 

To relieve the stresses by heating, the terms “annealing” and 
“normalizing”’ are used occasionally without further explanation. 
“Annealing” is a general term for a number of heating and cooling 
operations through a wide range of temperatures to accomplish 
a variety of purposes, one of which does happen to be the relieving 
of stresses. ‘Normalizing’ is a more definite term which has 
little, if anything, to do with relieving the stresses. In time we 
will probably arrive at some better agreement as to how stresses 
should be relieved and coin some terms to describe the processes. 
Most often when the term “annealing” is used it is intended that 
the stresses in the welding should be relieved by heating. Oc- 
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Fig. 6 ENGINE FRAME 


(The welded frame was fabricated to replace castings which had broken and 

for which expensive patterns were no longer in existence. The principal 

members of the frame are box sections designed to give maximum strength. 

The bearings are castings welded into the rolled-steel plate. The frame 
was annealed at 1200 F.) 
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Fie. 8 Rouiep-STEEL Pinion Hovusinc ANNEALED FOR STRENGTH 
To Prevent Distortion DurInG MACHINING 


Part oF AN E.ectric PrecipiIratoR MapE From THIN SMooTH SECTIONS TO 


casionally, annealing is required for other reasons, such as to 
produce a definite microstructure in the steel, in which case 
specific directions for annealing should be given because each 
reason for annealing requires a treatment different from that 
uged to relieve the stresses. 

The peening of welds is an uncertain method of relieving 
stresses because it is difficult to tell just when the right amount 
of peening has been done. If the weld is not peened sufficiently 
the effect that is desired is not obtained; if it is overdone, tension 
stresses in the weld metal are simply changed to compression 
stresses, and in addition the weld metal may have been damaged. 
The process is useful, however, because there are often times 
where it is impractical or impossible to relieve the stresses in 
any other manner, but when it is used its limitations and un- 
certainties should be kept in mind. 

The safest procedure is to heat the welded object in a furnace 
to a sufficiently high temperature for a sufficient length of time. 
For machinery or similar parts the details of the heating process 
can hardly be expressed by a simple rigid formula. In the 
A.S.M.E. and A.P.I. codes for pressure vessels the rule given is 
to heat the object to about 1200 F and hold it at this temperature 
for one hour for each inch of 
thickness. The heat is to be 
raised at the rate of not ever 
400 F per hr divided by the 
thickness of the metal in inches, 
in no case faster than 400 F 
per hr; and the cooling is to be 
done no faster than 500 F per 
hr divided by the metal thick- 
ness in inches, and in no case 
more than 500 F per hr. The 
vessels for which these very 
definite rules have been formu- 
lated are of the same kind of 
material, low-carbon steel. The 
welds are solid continuous 
welds through the metal, 
and the metal throughout the 
entire structure has little varia- 
tion in thickness and, therefore, 
requires practically wniform 
treatment. 

A welded machine part may be of almost any size or shape, 
several materials of a variety of metallurgical natures may be 
welded together in one structure, and there may be a wide ratio 
of thickness between the thinnest and thickest sections. It can, 
therefore, be seen that the stress-relieving treatment for any 
individual piece, especially of the type shown in Fig. 8, must be a 
matter of experience and good judgment. For example, if 
casting 6 in. thick is welded to plates 0.75 in. thick with welds 
0.75 in. deep, it should not be necessary to heat the object at a 
rate of less than 100 F per hr and hold it in the furnace at 1200 
F for 6 hr in accordance with the pressure-vessel formula. It 
should be brought up to heat more slowly than would be permis- 
sible if all the sections were 0.75 in. thick, to allow the heat to 
penetrate the thick casting without overheating the thin plate, 
and held at high temperature for a longer time than would 
ordinarily be required for welds 0.75 in. deep. 

Trouble is often encountered when relieving the stresses. Large 
thin plates without stiffeners along the edges attached to heavier 
members bend during welding, and then during heat-treatment 
they buckle before the heavier members are hot due to the 
heat and locked-up stresses. Other large pieces may be of such 
size and shape that no matter how they are supported in the 
furnace they may get out of shape during the heating and cooling 
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process and come out in worse condition than when they go in. 
Straightening is difficult and it is often advisable to permit the 
structure to remain as it comes from the furnace. Sometimes the 
structure assumes such a distorted shape even with the most 
careful treatment that it must be straightened. Experience has 
shown that such problems can be overcome only by properly 
designing the structure in the first place with permanent or 
temporary stiffeners, or by changing the shape so that the effect 
of the welding stresses will be a minimum, or by changing the 
amount of welding. In changing the amount of welding, the 
minimum permissible amount is deposited at one point while 
more than is actually required for strength is deposited at another 
point in order to balance the stresses throughout the structure so 
that its shape will not change appreciably during fabrication and 
heat-treating. 

Sometimes the metallurgical structure of some of the materials 
used in a welded fabricated structure becomes damaged in forming 
or welding it. When this object is placed in the furnace, the 


problem is not only that of relieving the welding stresses, but 
also of furnishing additional heat-treatment to qbtain the cor- 
rect metallurgical structure of the material. 
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For example, a piece of 0.20 carbon steel is harmed little, if 
any, by hot or cold forming or by the welding process, but a 
piece of 0.50 carbon steel may be seriously damaged metallurgi- 
cally in both the forming and welding. Heating to 1200 F would 
relieve the welding stresses in either piece, but to correct metal- 
lurgical changes in the 0.50 earbon piece it may be necessary to 
normalize it at 1500 F instead of annealing at 1200 F. For stress 
relieving only it is best to keep the temperature around 1200 F. 
Steel under about 0.30 carbon heated to 1200 F will machine 
satisfactorily and there will be no seale on the surface, but if 
heated to much over this it will not machine so smoothly and 
the surface will be covered with a heavy scale which is expensive 
to clean off and spoils its appearance. 

Except for the simplest welding jobs no general formula for 
relieving the welding stresses is possible. ‘The welding stresses 
will relieve themselves in time at ordinary temperatures. Heat- 
ing will accelerate this process. At 1200 F, the time required to 
relieve these stresses is measured in hours. Heat-treatment in 
excess of 1200 F, if it is not necessary for some other reason 
than simply for relieving the stresses, may do more harm than 
good. 
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Applications of Copper-Alloy Welding 


By I. T. HOOK,' WATERBURY, CONN. 


The author presents a brief survey of the uses of copper 
alloys as welding materials in industrial applications. 
In general, the survey includes three distinct fields: 
(a) Joining of copper alloys by various brazing and weld- 
ing methods; (6) joining of ferrous and other metals by 
copper-alloy weld metal; and (c) building up wear- and 
corrosion-resisting surfaces of copper alloys. The dis- 
cussion is confined principally to the use of copper-alloy 
welding. Several of the applications cited are taken from 
published reports of different investigators, and references 
are given where details involved in copper-alloy welding 
may be found. 


1 COPPER-ALLOY PIPE WELDING 


NE OF the most familiar applications of copper alloys is 
() the joining of copper and brass pipe. Much of this type 
of pipe in the thinner-walled sizes is connected by mechani- 

cal compression fittings, soft soldering, or silver brazing. In 
this discussion, however, the author will confine himself to pipe 


Fie. 1 Cas?-Brass on Copper RECESSED FITTING SWEAT-SOLDERED 
oR Brazep TO CoppER-ALLOY PIPE 


Bronze or --902. Wall £’or 


Fie. 2. Burr WELD Copper or Brass Pipe 


which is of sufficient thickness, usually 0.045 in. or thicker, to 
permit its being brazed or welded. The threaded fitting, still a 
popular method of joining brass pipe in the standard pipe sizes, 


1 Research Engineer, The American Brass Co. Mem. A.S.M.E. 
Mr. Hook was graduated from the University of Michigan in 
1913. Upon graduation he entered the employ of the General 
Motors Corporation where he was physical-test expert in the central 
laboratory until 1920, except for a year and a half,in the Army. He 
then taught strength of materials at Yale University for three years. 
He has worked on many problems related to welding of copper and 
its many alloys. 

Contributed for presentation at the Welding Practice Symposium 
sponsored jointly by THe American Society oF En- 
GINEERS and The American Welding Society, held at Cleveland 
Ohio, October 22 and 23, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


is gradually giving way to one form or another of brazed or 
fusion-welded connection (1, 2).? 

Figs. 1 to 4, inclusive, show, in longitudinal section, various 
forms of brazed or welded connections. The recessed-fitting 
connection shown in Fig. 1 is more often soft-soldered or silver- 
brazed but it may be Tobin bronze-brazed as well. 


2/.2 Fusion Weld 
or braze 
SOT 


Fie. 4(a) ConNEcTION To Fitrine. (5) SHor1 
Line or Frrrine CoNNECTION 


Simple butt welds, illustrated in Fig. 2, in brass or copper pipe 
of !/; in. or more wall thickness are commonly made with a yel- 
low-bronze welding rod. In the chemical industry, welds in 
copper pipe are, for purposes of uniform corrosion resistance, 
usually fusion welds with a deoxidized-copper welding rod. 

Where the requisite skill in the welding operator is available, 
the installation may be made with connections as shown in Fig. 
2. However, owing to the fluidity of the molten copper alloys 
and the high heat intensity (for copper pipe) required, the author 
prefers the use of the taper-weld connection (3, 4) shown in Fig. 
3 and Fig. 4a, or the short bell and spigot shown in Fig. 4b 
(1, 2, 5, 7). The taper-weld connection is designed for any size 
of pipe for any wall from the thinnest to the thickest. It may be 
used with the silver brazing alloys as a sweated connection, 
with Tobin bronze, or asafusion weld. So used, it acts as a back- 
up, forestalling the dropping of weld metal inside the tube and 
the melting of holes in the tube walk 

Since nearly all of the commercial copper pipe and tubing is 
made of phosphorous deoxidized copper, there is no content of 
cuprous oxide to give trouble in the welding operations. Where- 
ever it is possible to use diverse metals, it will be found that soft 
solder, silver solder, or a yellow bronze such as Tobin will be 
easy to apply. But where the weld metal must exactly match 
the base metal in its chemical properties, a deoxidized-copper 
welding rod can be used. 


2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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BRAZED OR WELDED CoprEeR VESSELS 


One application of welded copper of particular interest to 
mechanical engineers is its use in locomotive fireboxes. We see 
little of such usage in this country but in Europe, the British 
Isles, Asia, Africa, and Australia, the copper firebox is the rule 
rather than the exception. The application is briefly described 
here as many of the lessons concerning the use of welded copper 
learned in this severe service are useful to copper fabricators in 
this country. These large sheets of arsenical, tough-pitch copper 
have generally been of riveted construction though repairs on 
them have been made by fusion welding since 1925 or earlier. 
One objection to riveted copper pressure vessels lies in the diffi- 
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Fie. 5 CoNnNECTION BETWEEN DEOXIDIZED-CopreER TUBE SHEET 
AND STEEL SHELL 


culty in keeping the joint tight. Copper cannot be caulked as 
effectively as can steel and a leak does not corrode shut as usually 
happens with steel. 

A survey of the European situation with respect to copper 
fireboxes in 1931 (8) discloses the fact that nearly all locomotives 
in Italy had repairs on their copper fireboxes made by welding. 
Two locomotives with all-welded copper fireboxes were put into 
service on the Italian State Railways in 1927 and they were giv- 
ing satisfactory service in November, 1931, after four years of 
service. 

Several questions will arise as to the use and the welding of 
copper fireboxes. Just why steel is used almost universally 
in this country for locomotive fireboxes and copper almost as 
universally in Europe and Australia, the writer is not prepared 
to say. However, copper has about seven times the heat con- 
ductivity of firebox steel and keeps cleaner of corrosion scale than 
the latter. Again, oxygen as it is released from boiling water is 
much more active than is atmospheric oxygen or the same amount 
of oxygen in cold water. Copper resists the attack of this 
active oxygen much better than does steel. These advantages 
appear to outweigh the advantage of steel in point of strength 
and initial cheapness in the minds of the European builders. 

Again, the question will undoubtedly be raised as to why 
metallurgists and welders generally found copper so difficult to 
weld, and why welding procedures for it were not established 
earlier. Without going into detail, we may say that the high 
heat conductivity of the copper and the possible weakness aris- 
ing from the cuprous oxide of tough-pitch copper were the two 
barriers to successful welding. These sources of difficulty occur 
in thin as well as thick copper, in copper vessels being fabricated 
for the chemical industry as well as for locomotive fireboxes. 

In modern shops, welding equipment of ample heat capacity 
is now obtainable to overcome the high heat conductivity of 
copper sheet and to weld it using either the oxyacetylene torch 
or the carbon arc. The weakness arising from the cuprous oxide 
in the base metal can be avoided in three ways: (a) By using a 
sufficiently high welding speed (9) to avoid any change in the 


cuprous oxide, (6) by hot forging the weld or cold hammering 
and annealing it, or (c) by the use of deoxidized copper for the 
base metal. 

Method (a) implies the use of the carbon are. By no other 
means can a heat of sufficient intensity be obtained. A phosphor 
bronze fairly high in tin and phosphorous is the welding rod most 
frequently used in this process although some copper fabricators 
prefer Everdur for this purpose. 

Method (6) is used to cause a redistribution of cuprous oxide 
after the weld has been made in tough-pitch copper by the oxy- 
acetylene torch. The use of deoxidized copper (10) is the more 
logical method of overcoming any weakness arising from cuprous 
oxide no matter what method of welding or brazing is employed. 
In general, the corrosion resistance of deoxidized copper is identical 
with that of tough-pitch copper and its thermal conductivity 
slightly less. 

Fig. 5 illustrates an interesting application of welding in the 
manufacture of a very efficient heat exchanger. A large bundle 
of copper tubes was silver brazed into a deoxidized-copper header. 
The header, instead of being clamped and gasketed between steel 
flanges as is customary in steam condensers, was welded to the 
steel shell in order to make a permanent seal. 

An oxyacetylene weld using Tobin-bronze welding rod was one 
possibility. A gas-tight weld with a strength of approximately 
45,000 Ib per sq in. between bronze and steel was possible, thus 
developing the full strength of the soft copper. However, the 
gas weld was objected to because it would strain and loosen the 
silver-brazed connections of the copper tubes. Accordingly, it 
was decided to use the carbon arc and Everdur weld metal which 
would develop with both steel and copper a high-strength ga-- 
tight bond. 

One of the things which contributed to the success of this con- 
nection was the arrangement of the welding beads. In laying 
down bead 1, shown in Fig. 5, no attempt was made to catch 
the copper header, but a relatively low heat was used which would 
give the strongest weld metal and the best seal of the Everdur 
to the steel. Then bead 2 was laid down using a much higher 
heat which was necessary to overcome the high heat conductivity 
of the copper. This gave a strong fusion weld and gas-tight seal 
between the weld metal previously laid down and the deoxidized 
copper header. 


WELDED Copper ALLOYS 


Brass, the most common and, in many ways, the most useful 
of the copper alloys is employed in a great variety of ways with 
welded connections. Since the nickel silvers, the extruded 
brasses and architectural bronzes are also alloys of copper and 
zinc, they may be grouped with the brasses. Frequently, « 
welded connection is made for mechanical strength and gas or 
water tightness, and perhaps more frequently for an exact color 
match, the weld itself being ground flush with the base metal 
and polished. Architectural shapes, grills, ornamental facings, 
doors, window frames and sash, soda fountains and interior fix- 
tures and trim, are often welded with the requirement that the 
weld be finished and inconspicuous. To do this, strips of the 
base metal may be used when a welding rod of the exact color 
match is not available. 

Owing to its good temperature control and relatively wide- 
spreading heat, the oxyacetylene torch is almost always used. 
By suitable manipulation of the torch, the alloy can be welded 
without superheating the fused metal appreciably. Hence, the 
zine volatilization can be kept toa minimum. Also the use of an 
oxidizing flame, which permits a film of oxide to form over the 
weld pool, helps in preventing the loss of zinc. 

One of the welding rods most frequently used with the brasses 
is Tobin bronze. This melts at a slightly lower temperature than 
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the brasses, and alloys with the base metal avidly when the latter 
is at a good brazing heat. 

In designing welded connections in the brasses or nickel silvers, 
provision should be made for holding the metal and backing it up 
during the welding operation. This is necessary because the 
metal is, unlike steel, very fluid at fusion-welding temperatures 
and more time can be lost in trying to patch up a hole that has 
melted through than it takes to do the job correctly in the first 
place. In some cases, as in the manufacture vf metal doors, 
steel stiffeners can be made to serve as back-ups for the brass or 
nickel-silver sheet. 

When the copper-alloy sheet is less than say 0.050 in. thick, 
fusion welding becomes difficult and silver brazing or soft solder 
must be resorted to. Frequently, the mechanical engineer has 
to design protection for bearings and moving parts which operate 
in an atmosphere of dust and grit. In one instance, a large 
bellows sheath was made up of thin, red-brass sheet, silver- 
brazed into cylindrical form and then corrugated for flexibility. 


RESISTANCE Spot AND SEAM WELDING 


With such alloys as common brass, nickel silver, the cupro- 
nickels and the Everdur-type alloys, satisfactory resistance spot 
and seam welding can be used (11). Copper sheet and com- 
mercial bronze sheet are very difficult to resistance seam-weld 
on account of their high thermal and electrical conductivities. 

Pressure-tight welds by the resistance method in common brass 
are rather difficult to make although good mechanical strength 
is obtainable. Hence, in the manufacture of sheet-metal evapora- 
tors for small refrigerators, where a high-strength, permanent- 
seal type of weld is required, a silicon-copper alloy similar in its 
properties to Everdur is used. Such alloys possess an excellent 
combination of drawability, strength, resistance-weldability, and 
corrosion resistance. 


EVERDUR PRESSURE VESSELS 


Perhaps the best example of fusion welding of copper alloys 
is the manufacture of Everdur pressure vessels (12, 13, 14). 
Some of these have been made by riveting with Everdur rivets 
but fusion-welding methods have proved most satisfactory. All 
sizes from resistance seam-welded kerosene containers of 1 gal 
capacity to fusion-welded vessels of 18,000 gal capacity are being 
made. The combination of high ultimate strengths of 55,000 
lb per sq in. or better, corrosion resistance and general work- 
ability, including the property of weldability, make such vessels 
economical to manufacture and market. They are satisfactory 
from the standpoint of long trouble-free service. 

For these reasons, many thousands of range boilers for small 
households and larger hot-water storage tanks for laundries, 
apartments, and hotels have been made and put into service. 
The first of these was made in 1927 or 1928 and is still in use. 

Everdur may be oxyacetylene fusion-welded in all thicknesses 
from 0.025-in. sheet to an inch or more plate. Commercially, 
it is carbon-are-welded in all thicknesses from 0.040-in. sheet to 
any desired thickness, and metallic-are-welded in any thickness 
above !/\.in. Economical resistance welding is usually confined 
to sheet 0.080 in. or less in thickness. Satisfactory commercial, 
ee resistance welds have been made in sheet as thin as 

010 in. 


Copper ALLoYs HypRAULIC EQUIPMENT 


The Everdur type of copper alloy in the relatively short time 
it has been commercially available has found many useful ap- 
plications in the valves, guides, gates, gratings, and other equip- 
ment for water supply and sewage-disposal projects. 

Where the piece of equipment is made up of several parts, 
fusion welding with the torch or are and Everdur welding rod 


has been found to be a satisfactory method of developing the 
required structural strength and water tightness. In several 
instances, Everdur anchor bars were welded to the back of the 
Everdur gate seats which were then grouted into the concrete 
dam. 

A somewhat similar use was made of extruded naval-brass 
angles in a large hydraulic control project. In this case, the heat 
necessary for fusion welding was thought objectionable. There- 
fore, the Tobin-bronze anchor bars were threaded into nuts 
which previously had been silver-brazed to the back of the 
angles. 


ALUMINUM BRONZE, AND BERYLLIUM COPPER 


It is probable that aluminum bronze and beryllium copper 
present the most difficult problem in copper-alloy welding. This 
is due to the very refractory film of aluminum oxide or beryllium 
oxide formed on the surface of the alloy. Even though the alloy 
may have a mirror-bright, polished surface, the film of oxide is 
present in sufficient continuity to render soldering, brazing, and 
gas welding difficult. This is particularly true since there is no 
available flux that isespecially efficaciousin dissolving these oxides. 
The blanketing action of a flux can be used to advantage in soft 
soldering or silver soldering of these alloys. If the flux has a 
sufficiently low melting point and gives proper coverage, it will 
prevent the formation of the surface film in the heating-up stage 
and the soft solder or silver solder will flow to the base metal 
with no serious interference. 

In fusion welding, the carbon are offers a rapid and economical 
method of joining these alloys. The fusion of the welding rod 
and base metal with subsequent solidification takes place in such 
a brief interval that the film of oxide offers little interference 
and welds of high strength and soundness can be obtained: A 
flux is quite unnecessary although a thin wash of brazing flux to 
which potassium fluoride and sodjum carbonate has been added 
will help in the flowing of the metal and minimize the oxide on 
the surface of the base metal. 

As for applications, aluminum bronze would be used in situa- 
tions where (a) a good forging bronze is desired, (b) hot hardness 
and nonscaling qualities are required and (c) where corrosion 
resistance is important. For (a) the 5 per cent aluminum bronze 
is commonly used. It works not unlike soft iron under the black- 
smith’s hammer, enabling the artisan to work out beautiful 
bronze shapes. It cannot, however, be hammer-welded but-may 
be brazed with Tobin bronze or fusion-welded with the carbon 
arc. The high hot hardness indicated in (b) seems to be in con- 
flict with the softness indicated by good forgability. However, 
both conditions are true. Aluminum bronze, and in particular 
the 8 to 10 per cent aluminum bronze, does retain its hardness at 
a higher temperature than most copper alloys, the thin invisible 
film of aluminum oxide preventing sealing. At still higher tem- 
peratures, it softens abruptly with an increase in ductility, thus 
making it easy to hot work. 

Beryllium copper would find its economic use in places where 
its combination of high strength, resilience, hardness, wear re- 
sistance and corrosion resistance are needed. Numerous small 
parts in electrical apparatus and textile machinery can be made 
to advantage from this metal. Where joining is necessary, re- 
sistance spot welding or silver soldering will usually be found 
convenient, but in heavier parts carbon-are welding will be the 
best method of joining (15). 


CUPRONICKELS 


Users of corrosion-resisting metals find that for certain pur- 
poses the copper-nickel alloys, carrying 10 to 30 per cent nickel 
and the balance copper, give satisfactory service. Used as steam- 
condenser tubes, where the cooling water is sea water or the brack- 
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ish waters of the rivers and harbors, the 70:30 cupronickel has 
given excellent service. Usually, these tubes are expanded into 
the relatively thick Muntz-metal header and welding is not re- 
quired. However, such tubes are also used for salt-water lines 
aboard ships and in similar plumbing installations. Not only 
does the cupronickel resist corrosion better than most metals, 
but the high copper content is toxic to marine growth so that the 
tubes remain cleaner. For such purposes, silver-brazed connec- 
tions to cast-bronze or white-metal fittings are found satisfactory. 
However, where fusion welds are desired, a welding rod which 
works very well with the oxyacetylene torch in any position has 
been developed (16). 


2 JOINING OF FERROUS METALS WITH COPPER ALLOYS 


Several instances of the joining of copper alloys to steel have 
already been mentioned. Many such illustrations can be cited. 
However, only a few of the more important can be mentioned in 
this paper. 

Coprer-Brazep STEEL 


One of the noteworthy economies, which has made mass pro- 
duction possible with its enormous duplication of automobiles, 
sewing machines, typewriters, adding machines, cash registers, 
radios, bookkeeping machines, teletype senders and recorders, 
refrigerators, and washing machines, has been the use of relatively 
thin sheet-steel parts copper-brazed together (17, 18, 19). In 
such manufacture, there are numerous assemblies which the maker 
desires to bond parts together permanently. Perhaps soft solder 
isn’t strong enough, the metal is too thin to provide a good bearing 
against a rivet, spot welding not feasible and screws may work 
loose. For such a purpose “copper brazing” is the answer. 

Credited originally to A. C. Hyde of Wolverhampton, England, 
the copper-brazing process (20) consists briefly of the heating of 
the steel to approximately 2100 F in an atmosphere of hydrogen 
with sufficient copper to braze the joint. At 2100 F, the hydro- 
gen acts as an agent to reduce all iron and copper oxides allowing 
the copper, which melts at 1980 F, to surface-alloy with the steel 
and penetrate and thoroughly bond the tightest joint. Tensile 
strengths of 45,000 to 55,000 Ib per sq in. and shear strengths of 
30,000 to 40,000 lb per sq in. are obtained. In addition to light 
machine parts, resilient golf-club shafts made from spirally 
wound steel strip, tennis rackets, and an enormous footage 
of small sizes of steel tubing are all copper-brazed. 

The copper-brazed assemblies are in the annealed, stress-free 
condition as they come from the brazing furnace. They may be 
heat-treated, carburized or vitreously enameled after copper 
brazing without disturbing the bond. 

Although the process (17) has been known for a score of years, 
it has been only within the past six years that electric furnaces 
with atmospheres sufficiently rich in hydrogen have been made 
available commercially. By suitable conditions of temperature 
and pressure with admixtures of air or steam, natural gas, city 
gas and dry ammonia can be broken down, resulting in a high 
percentage of free hydrogen. 


Srevrer Brazine anp BRAziNG 


A much older process than the copper-hydrogen brazing is 
that of spelter or silver brazing. Spelter brazing alloy is usually 
50 per cent copper, 50 per eent zinc although additions of nickel 
may be made to whiten it, or additions of tin to harden it and 
reduce the melting point. Silver brazing alloys or silver solders 
carry varying proportions of copper and zinc with silver from 10 
to 80 percent. The spelter solders melt between 1500 and 1550 F, 
while the silver solders melt at temperatures from 1300 to 1510 F. 

The spelter-brazing or silver-brazing processes differ from 
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copper brazing chiefly in that a flux is invariably used and the fur- 
nace does not necessarily have a controlled atmosphere. The 
furnace temperature need not exceed 1750 F, and for the silver 
solders, it may be lower. 

Tensile strengths of 50,000 Ib per sq in. are ontained readily 
in spelter- or silver-brazed steel connections with correspondingly 
good shear strengths. Normally, the steel parts cannot be heat- 
treated, carburized, or vitreously enameled after the brazing 
process. Excess flux must be removed before plating, cold 
enameling or other finishing processes. 

The brazing-in of the heads of small steel tanks for high- 
pressure air is a variation of the process in which the spelter solder 
is first melted in a crucible and the tank fluxed, preheated, and 
dipped into the molten brazing solder. The spelter solder makes 
a strong, permanent, gas-tight seal. 


BRONZE WELDING 


Bronze welding is a process of great industrial importance. 
Several million pounds of bronze welding rods are consumed 
annually. While the bronze is deposited on steel or cast iron 
with a surface-alloying effect similar to that obtained in copper 
or spelter brazing, the process is allied very closely to fusion- 
welding methods. It has the economic advantage of fusion 
welding of cast iron, steel or copper in that the welding tempera- 
ture is much lower. It probably possesses the widest range of 
applications for the joining of dissimilar metals. 

The bronze welding rods referred to are the beta brasses carry- 
ing 38 to 45 per cent zinc with additions of tin, iron, or manganese 
up to 1 per cent. Tobin bronze and manganese bronze are two 
examples of the welding bronzes. Owing to the high zine con- 
tent, which volatilizes freely at temperatures above 1700 F, 
the are should not be used for the welding heat. 

Tensile strengths in the bronze weld metal itself vary from 
40,000 to 55,000 lb per sq in. The strength of the bond to cast 
iron and steel varies considerably with the preparation and size 
of deposit. On properly bronze-welded steel, the bond strength 
should be 40,000 to 50,000 Ib per sq in. On cast iron, it will be 
less owing to the interference from the graphite or temper carbon. 

The process is applicable to any thickness of cast iron (21), 
malleable cast iron or steel, cast or rolled, bare or galvanized. 
It is being used with equal facility on 0.020-in. thick steel or cop- 
per-alloy sheet or the 8 X 8-in. section of a cast-steel locomotive 
frame. As a manufacturing process, it is used on a great variety 
of products. As a repair tool, it is practically indispensable for 
the maintenance of any industrial, agricultural, or transportation 
machinery. 

Bronze welding affords an easy method of joining copper, brass, 
and galvanized-iron pipe for interior plumbing and cast-iron pipe 
for underground service. 

One special application of torch or carbon-are brazing is the 
joining of thin sheet steel with Everdur welding rod. Thus, in 
the manufacture of metal furniture, Everdur may be applied 
with the oxyacetylene torch or the carbon are without fusion of 
the thin sheet steel. No flux is necessary and there is very little 
distortion. 

Another special application of bronze welding is the joining of 
stranded-copper rail bonds to the head of the steel rails. This 
may be done by the use of the oxyacetylene torch and a high- 
strength yellow bronze such as Tobin bronze but more frequently 
it is done with the carbon are and a high-conductivity copper- 
alloy welding rod (6). Owing to the fluidity of the weld metal, 
a carbon mold is usually clamped to the head of the rail with the 
bond. 


Surracine Wirs Copper ALLoYs 
Welding methods offer the mechanical engineer a means of coat- 
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ing new surfaces with a wear-resisting copper alloy or restoring 
worn surfaces to their original condition. The excellent wear 
resistance of manganese bronze and phosphor bronze against cast 
iron and steel are well known. Less well known are Everdur and 
beryllium copper and wear-resisting alloys. 

The manganese bronze should be deposited with the oxyacety- 
lene torch while phosphor bronze and Everdur are applied to 
cast iron or steel by the metallic arc or the carbon arc. Beryllium 
copper can be applied only by the carbon arc. 

In the endeavor to increase the life of a locomotive between 
shoppings, the railroads find it economical to coat the pistons, 
pedestals, and driver boxes with bronze. In some cases, the cross- 
head shoes are also bronze-coated. 

Manganese bronze applied with the oxyacetylene torch has 
been used on the pistons for the most part. These pistons in 
the older locomotives were made of cast iron in which case this 
was the optimum process. More recently, cast steel is being 
used for the piston heads in which case the designer has the 
choice of specifying manganese- or phosphor-bronze surfacing 
by oxyacetylene torch, or phosphor bronze applied by the carbon 
or metallic are. 

Phosphor-bronze plates welded into place have in some cases 
been used as liners for the locomotive pedestals to take the thrust 
and wear from the front and rear faces of the driver boxes. The 
outside faces of the cast-steel driver boxes are usually coated 
with Everdur or phosphor bronze applied by the welding are or 
manganese bronze by the welding torch. 

One industrial application of hard surfacing is the use of hard, 
wear-resisting beryllium copper as a face for the jaws of a re- 
sistance or flash butt-welding machine. The beryllium copper 
face can be silver-brazed onto the water-cooled, high-conductivity 
copper backer, good results obtained in some cases. However, if 
the beryllium copper is welded directly to the high-conductivity 
copper electrode, a maximum in heat and electrical conductivity 
is obtained. This desirable combination can be obtained by the 
use of an extremely hot carbon are which melts the beryllium 
copper and heats the heavy copper base metal to the temperature 
at which the weld metal will surface-alloy thereto. 


CONCLUSION 


In general, metals will find their applications of greatest eco- 
nomic usefulness as surely as water will find its level. Owing, 
however, to the slower operation of the economic laws and the 
still slower human understanding of these laws, metals are often 
misplaced. Again, in the case of a long-life metal as copper, the 
monetary yard stick changes faster than the metal itself, making 
it difficult to estimate service costs on a per-annum basis. In 
many cases trouble-free service means more than the initial cost. 
Hence, the copper alloys, though higher priced may be very 
properly specified. 

In the foregoing illustrations, the author has indicated some of 


the applications in which welded copper alloys are being success- 
fully used. Many more cases could be cited. In general, it is 
believed that there is one best metal for a given purpose. This 
thought is creeping into the consciousness of the metal manu- 
facturer whose thoughts several decades back were given solely 
to tonnage figures. More and more metals are being prepared 
especially for a given use. More and more the mechanical engi- 
neer and metallurgist alike realize that the proper use of a metal 
is an important feature of the design and that welded connections 
often offer the best solution of a vexing design problem. 
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The authors discuss the metallic-arc and carbon-arc 
welding of monel and nickel as well as the welding of these 
two products to steel plate. They also give the chemical 
and physical properties of the two metals and the chemi- 
cal and physical properties of deposited weld metal. 


SHEET AND PLATE OF MONEL AND NICKEL 
Ne SIX years ago a rather complete change was made in 


the melting and refining practice of monel and nickel. 

Subsequent to that time the hot ductility of both materials 
has been much improved. With material of current production 
it is possible to make hot-ductility, 180-deg free bend tests on 
all heats at 100-F increments through a complete temperature 
range of 1200 to 2200 F. Material of earlier production was hot 
short between 1200 and 1600 F. The improvement in hot ductility 
as measured by reduction in area was quite marked, there being 
a rise from about 25 per cent for earlier production to 50 per 
cent for current production in tests made at 1800 F. Because of 
the improved production methods, hot working of monel and 
nickel in the forming of heavy equipment no longer requires 
extremely accurate temperature control, and the metals can now 
be worked in a temperature range considered dangerous a few 
years ago. Another important advantage of monel and nickel 
produced by current methods is freedom from cracking during 
welding. The nominal compositions for standard wrought monel 
and nickel products are given in Table 1. The physical properties 
of monel and nickel are given in Tables 2 and 3, respectively. 


ELECTRODES 


About five years ago the manufacture of flux-coated electrodes 
of monel and nickel was begun. At the same time the study of 
arc welding these two metals was broadened. Regular cold- 
drawn monel wire was used for many years for the core wire of 
electrodes. In the light of present practice, results were only 
fair, although a few years ago they were considered quite satis- 
factory. It was found that where a light wash coating of a mineral 
flux gave only fair arcing characteristics, an improvement in 
arcing characteristics was obtained where a slagging type of 
coating was used. The thickness of coating was multiplied 
several times, but since the thicker coatings were applied by 
hand dipping, the problem of concentricity became paramount. 
Attempts at applying several thin coatings to build up a heavier 
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The Electric Welding of Monel and Nickel 


By F. G. FLOCKE! anp J. G. SCHOENER,? NEW YORK, N. Y. 


total thickness were mildly satisfactory. It was found also that 
with these plain dip coatings, a slight amount of porosity still 
persisted in the deposited weld. 

The usefulness of aluminum as a deoxidizer in nickel alloys 
was known, but advantage had not been taken of this in welding. 
Finally it was decided that the use of aluminum in the form of 
fine wire wrapped in a spiral around the 18-in. length of bare 
electrode, would serve a twofold purpose: First, it would aid 
in deoxidation, and it was hoped, eliminate porosity, and second, 
the spiral would serve as an excellent support for the flux coat- 
ing applied by dipping. This procedure worked out very satis- 
factorily with both monel and nickel and was used for several 
years. The more recent developments of coating by extrusion 


TABLE 1 NOMINAL CHEMICAL COMPOSITION OF MONEL AND 
NICKEL 


Monel, Nickel, 

Element per cent per cent 
Nickel... 68.00 99.40 
Copper......... 29.00 0.10 
1.50 0.15 
Manganese........ 1.10 0.15 
Silicon....... 0.10 0.10 


TABLE 2 PHYSICAL PROPERTIES OF MONEL 


Tensile strength, Yield point, Elong. in 2 
lb per sq in. Ib per sq in. in., per cent 
Sheet and strip: 
Cold-rolled 
Annealed... . 65000— 80000 25000— 35000 40-25 
Full hard..... 100000—-120000 90000—110000 8-2 
Plate: 
Hot-rolled 
rolled... .. 80000—1 10000 40000— 55-27 .5 
Annealed®. . 70000- 25000— 45000 
Tubing: 
Cold-drawn 
Annealed..... 65000— 80000 25000— 35000 35-25 
As drawn..... 90000—105000 60000— 75000 20-15 
Rod and bar: 
Cold-drawn 
Annealed..... 70000— 85000 25000— 35000 50-35 
As drawn..... 85000-—125000 60000— 95000 35-15 
Hot-rolled...... 80000-— 95000 40000-— 65000 45-30 
Wire: 
Cold-drawn 
Annealed.. . 70000— —— 25000— 35000 45-25 
Spring....... 160000¢ 


@ Annealed between 1700 and 1750 F for 5 min. 
6 Brown and Sharpe gage of 0 to 2. 
¢ Brown and Sharpe gage of 15 to 19. 


TABLE 3 PHYSICAL PROPERTIES OF NICKEL 
Yield point, Elong. 
Tensile strength, lb per sq in. in 2 in., 
b per sq in. (0.5% set) per cent 
Sheet and strip: 
Cold-rolled 
Annealed..... 60000— 75000 15000— 25000 45-35 
Full hard..... 100000-115000 90000-—105000 10-2 
Plate: 
Hot-rolled 
As rolled... 70000—100000 30000— 75000 60-30 
Annealed*.... 65000— 80000 20000— 27000 65-55 
Tubing: 
Cold-drawn 
Annealed..... 60000— 75000 15000— 25000 45-35 
As drawn..... 80000— 95000 50000— 60000 25-15 
Rod and bar: 
Cold-drawn 
Annealed..... 65000— 85000 20000-—- 30000 50-35 
As drawn..... 80000—115000 60000— ¢ 35-15 
Hot-rolled...... 70000— 85000 20000-— 30000 45-35 
Wire: 
Cold-drawn 
Annealed..... 80000-95000 _.......... 45-35 


@ Annealed between 1650 and 1700 F for 5 min. 
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were applied, with the result that the extruded monel electrode is 
commercially available now, whereas, the hand-dipping practice 
is still followed in the case of nickel. 

Inasmuch as coating by extrusion does not conveniently permit 
a metallic spiral aluminum winding, and as the presence of 
aluminum appeared desirable in or near the molten pool of 
weld metal, experimental activity was directed along the lines 
of introducing this element in one of two forms, either in the 
coating or in the core rod. The latter was found more convenient 
and a small amount of aluminum in monel wire for welding 
has been found to be entirely satisfactory from the standpoint 
of welding characteristics, physical properties, and soundness 
in the deposited metal. 

Up to the present time only the monel electrodes have been 
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Fie. 1 Jig WELDING SHorT LENGTHS OF THIN-GAaGE MONEL 
AND NICKEL 


coated by extrusion for commercial use. Following growth of 
knowledge and experience with the exacting requirements of 
extrusion coatings, as to pressures, speeds of extrusion, centering 
and, of great importance, proper drying, the monel electrodes 
now produced are of highly satisfactory quality. The criteria 
are, good arcing characteristics and ability to deposit strong, 
sound, ductile metal consistently under a variety of operating 
and shop conditions. 

The presence of aluminum in quantities greater than those 
normally occurring in regular monel welding rod or sheet are to 
be found in that composition of monel known as type K, and 
available in various rolling-mill forms. This material may be 
hardened by heat-treatment, as well as by cold working, and the 
effects are additive. Regular monel is not amenable to similar 
hardening by heat-treatment. This heat-treatment hardening 
of type-K monel is accomplished by a form of precipitation 
hardening as with dural. 

The use of a slightly alloyed monel rod is developing strengths 
of 70,000 to 80,000 Ib per sq in. in single-bead and multiple- 
bead butt joints, metallic-arc welded. This is the range of 
tensile strengths obtained in plate material. It is possible to 
get still higher values using a core wire of type-K monel. A 
reference to the higher strengths available with these rods will be 
given later in the paper under the heading: “Quality of de- 
posited metal.” 

Higher strengths in the weld metal than in the parent material 
would hardly be useful, since it is the strength and ductility of 
the completely welded joint which is of interest to designers and 
not merely strengths of plate or weld metal separately. 

By its very nature, molten nickel has a great affinity for gases, 
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TABLE 4 PHYSICAL CONSTANTS OF MONEL AND NICKEL 
Monel Nickel 
Density, rolled, g per cc. 8.9 8.9 
Weight, rolled, lb per cu SRE GA 0.323 0.323 
2460 (1350 C) 2640 (1450 C) 
Coefficients of expansion between 70 and 
1100 F, in. per in. per deg F.......... .0000091 0.0000085 
ay aa ‘of elasticity in tension, lb per sq 25000000 
Moduius of elasticity in torsion, lb per sq 9000000 


and when it freezes or solidifies, these gases are thrown off to 
form gas pockets or porosity, certainly an undesirable characteris- 
tic in welding. It was this condition which necessitated an in- 
vestigation, made about ten years ago, with the object of making 
small additions to essentially pure nickel. These additions were 
important alloying elements which might control the porosity. 
The outcome was a composition of nickel welding wire which 
had controlled amounts of titanium and magnesium and which 
measurably reduced the gaseous condition. This special nickel 
welding wire was adopted and is still standard for gas and electric 
welding of pure nickel. With gas welding, no porosity is evident, 
but with metallic-arc welding of nickel it does occur occasionally. 
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Current investigations are showing material progress in the 
elimination of this porosity. 


Mera.uic-Arc WELDING oF MONBL AND NICKEL 


Monel electrodes and nickel electrodes both carrying relatively 
thick flux coatings require reversed polarity as do most of 
the high-strength steel electrodes. While no attempt has been 
made to determine the reason why this polarity is productive of 
more satisfactory metallic-arc welds, suffice it to say that re- 
versed polarity by experience is the more suitable. 

In the metallic-arc welding of sheets of light to medium gage 
between 0.037 in. and 0.125 in. thick, it has been found de- 
sirable to use a means of clamping or jigging to restrain buckling. 
While this recommendation has been made in connection with 
monel and nickel welding for many years, industry has sometimes 
referred to it as an apparent shortcoming of these two metals to 
so prepare joints prior to welding. However, it is just as de- 
sirable in the welding of light-gage sheet steel. The coefficients 
of expansion are cited in Table 4 and it should be noted that 
those for monei and nickel are practically identical with the 
coefficient of expansion for carbon steel which is 0.0000085 in. 
per in. per deg F for the temperature range of 100 to 1300 F. 

Using identical gages in either monel, nickel, or steel, and iden- 
tical setups and welding processes, will give essentially the same 
results as to degree of buckling. With progress in improving 
the properties of steel weld metal, there has come also an im- 
provement in appearance, that is, freedom from buckling of 
steel-fabricated pieces, which is due in no small measure to wider 
use of jigs and clamping devices. Of course, sequence in welding 
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also has been an important factor. No longer can the suggested 
use of simple jigs be considered a liability in a monel or nickel 
fabrication, but a case of necessity where close limits must be 
held and where buckling or warping of surfaces will cause re- 
jection. 

For welding longitudinal butt seams, simple jigs such as shown 
in Figs. 1 and 2 are frequently used. Particularly is this the 
case where longitudinal joints are to be made in cylinders where 
proper alignment of sheet edges is of primary importance and 
where perfect roundness is necessary. 

The jigs suggested for use in butt joints are of greatest value 
in sheet thicknesses up to about '/; in. or slightly thicker. It 
can be seen that a jig serves two purposes: First, to hold the 
sheets in line during welding, thus making welding easier and 
obtaining a joint freer from buckling, and second, since a grooved 
backing up strip is provided this shallow groove acts as a mold 
for the weld metal and permits more uniform penetratio.u, the 
latter being an important factor where the penetra- 
tion side of a single bead joint must be ground and 
polished flush with the sheet surface. Either or in 
fact both sides of the welded joint can be ground and 
polished to a high finish. 

On fillet welds, where it is convenient, and cer- 
tainly on thin materials it is desirable that an angle 
be used to back up a joint. It is not necessary to 
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Fie. 3 RELATION BETWEEN SHEET THICKNESSES AND CURRENT 
REQUIRED FOR THE METALLIC-ARC WELDING OF MoNEL AND NICKEL 


(The approximate welding currents for metallic-arc welding given are useful 

in making a setting on the welding machine, and should used as a guide 

only. Such factors as gage of sheet, electrode diameter, backing material, 
and jigging or clamping all affect the current setting.) 


back up corner welds in material greater than '/; in. thick. ° 

In many cases, it is uneconomical or inconvenient to use jigs 
or clamps when welding medium or light gages. It would be 
unwise to burden any cost sheet with the cost of jigs, the useful- 
ness of which will be extremely limited. However, once jigs of 
the type indicated in Figs. 1 and 2 are available in any shop, its 
wide applicability will be readily appreciated even on the garden 
variety of sheet-steel work. 

In the metallic-are welding of monel and nickel, there are 
several factors which affect the heat or amperage required for 
& particular job. Some of these are the diameter of electrode, 
the gage of sheet, the speed of welding and, coupled with the 
latter, the degree of penetration, type of backing up, whether 
copper, steel, or unsupported, and if a jig is used, whetber the 
metal is tightly clamped to it. It is because of these many factors 
that accurate heats are not readily available. The curve in 
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Fig. 3 gives the approximate relation of sheet thicknesses to 
current required for metallic-are welding monel and nickel. 

For the lighter gages, it has been found that beads made with- 
out weaving are entirely satisfactory. There is no definite 
dividing line where straight-line welding should be stopped and 
weaving begun. The 5/j.-in. thick sheet for butt or lap joints 
can be used as a convenient dividing gage above which a slight 
weave may be found desirable. For fillet welds the approximate 
dividing line is '/, in., but a weave is definitely preferred for 
sheets above 5/3. in. thick. 

The angle of the electrode in making butt welds should be 
from the vertical position to about 30 deg from the vertical. 
The electrode should be about normal to the molten pool of 
weld metal. This electrode position permits a more uniform 
flux coverage of hot or molten metal, and is to be preferred to the 
practice sometimes found where the electrode position is such as to 
push molten slag ahead of the welding pool, in the root of the V. 


Fie. 4 A Typtcat Carson-Arc WELD In MONEL 


In fillet welds, where metal thicknesses are the same, a 45-deg 
electrode position, bisecting the fillet, is good. Of course, where 
dissimilar thicknesses are to be joined, then the electrode should 
be so positioned that the are plays on the heavier of the two pieces. 

For horizontal, vertical, or overhead welding, practices regularly 
followed in steel welding are followed. Wherever possible, it is 
naturally desirable that positioning of work be such that welding 
is in the flat position or nearly so. Certainly better control is 
obtained, and unquestionably better weld metal is the result. 
Position welding can be done, and is being done, on jobs which 
cannot be moved, and the end results, the physical properties 
of weld metal, and the appearance of the deposited bead, are 
entirely satisfactory. 


Carson-Arc WELDING OF MONEL AND NICKEL 


While the carbon-are process does not receive much mention 
in the literature, it nevertheless fills a certain need which is 
difficult to explain but is definitely known to exist. Specifically, 
carbon-arc welding is frequently applied to monel and nickel 
sheet in the intermediate range of gages of 0.037 in., 0.050 in., 
and 0.062 in., and oftentimes heavier. Because of the some- 
what slower speed of carbon-are welding occasioned by the 
slightly lower rate of heat input, it is possible to control quite 
accurately the height of bead and degree of penetration. Par- 
ticularly is this the case where a very small, narrow bead is to 
be deposited. 

Some rather large fume ducts were to be made of 0.050-in. 
monel sheet, and one type of joint used for field erection was a 
lap joint in which one sheet was offset, or jogged, slightly. The 
lap joint was tacked on the outside, then the entire interior 
was carbon-arc-welded to seal the joint and make it airtight. 
All carbon-are welding was done in position with more work 
being done in the vertical and overhead positions than in the 
flat position. A lightly fluxed monel filler rod for carbon-are 


welding was used in all cases, with carbon pencils of 5/, in., 
3/16 in., and */, in. diameter, pointed like a pencil for at least 2 
or 3 in. The type of seam obtainable by taking advantage of 
carbon-are welding on monel and nickel is shown in Fig. 4. 
The uniform ripple surface can be obtained readily with steady 
hands and experience. 
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Dry-cleaning equipment of the type shown in Fig. 5 is manu- 
factured of monel sheet of various gages, but largely of 0.050 
in. and 0.062 in. thicknesses. Butt and corner welds are all 
made using a 5/;:-in. diameter carbon pencil and a monel carbon- 
are welding wire. Here again, uniform appearance and pres- 
sure tightness without the necessity of grinding and polishing 
are required. 

Beside being useful for medium-gage welding, carbon-arc 
welding is equally useful for joining small-diameter tubes into 
tube sheets. Tubes are left projecting 1/; in. to 1/, in. above the 
surface of the tube sheet and then either melted down with the 


Fic. 5 Dry-Cieaninc Unit FasricaTep BY WELDING VARIOUS 
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carbon are or a neat fillet deposited using the lightly fluxed 
carbon-are filler rod of appropriate metal composition. 

The ductility and physical properties of carbon-arec welds 
while satisfactory, are not as high as those obtainable with 
metallic-are welds in monel or nickel. Where complete 180-deg 
bends can be made on metallic-are welds, bending transverse to 
the direction of welding, bends of the order of 160-deg can regu- 
larly be made in the case of carbon-are welds. 

Where the small-diameter carbon or graphite pencils are used, 
close control of the pool of molten weld metal is always obtained 
if care is taken to retain a sharp tapered point on the carbon. If 
the taper is 2 or 3 in. long, and the carbon is gripped in the elec- 
trode holder about 4 in. from the tip of the carbon, a fairly uni- 
form wasting away of the carbon will maintain the point, and 
prevent it from becoming blunt. Just as soon as the end becomes 
blunt, the are begins to wander, and the control of the pool is 
slightly reduced. 

The polarity for carbon-are welding is straight polarity, that 
is, the work is positive and the electrode is negative. A steady, 
uniform and quiet are is obtainable without undue wasting of 
the carbon or graphite electrode. If reverse polarity is inadver- 
tently attempted, the difference in polarity will immediately 
be evident in the hissing, spluttering sound, as well as in the 
fact that the molten pool will be difficult to control. 

The length of the are is maintained between !/,. and '/; in., a 
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relatively short are when compared to the long one required for 
copper carbon-are welding. However, the sbort are for monel 
and nickel can be varied slightly, that is, the are length can be 
increased or decreased a little to obtain a quiet, smooth are. 

The position of the carbon electrode, and monel or nickel filler 
rod with respect to the molten pool of weld metal is exactly the 
same as when acetylene welding in the forehand position, that is, 
the torch pointing in the direction of the unwelded seam. The 
carbon electrode is held at an angle between 30 and 60 deg. 
The filler rod is held at the same angle. It is helpful, when 
starting to weld on cold metal, to use the following procedure. 
The point of the carbon pencil is placed in contact with the metal 
at the beginning of the joint to be welded, but an are is not struck; 
instead, the carbon is held in contact with the metal to be welded 
for about 10 sec. This short-time contact serves not only to 
preheat the work slightly, but also brings the carbon to a red 
heat quickly and, accordingly, uniform heat conditions exist 
and the weld can then be started immediately. The curve in 
Fig. 6 gives the approximate relation of current to sheet and plate 
metal thickness. 

Carbon-are welding is useful in certain instances where oxy- 
acetylene and metallic-are welding cannot always meet exacting 
requirements of uniformity of appearance and penetration. 


WELpD1ING DisstmMILaR METALS 


It often becomes necessary to join dissimilar metals, such as 
monel to steel, and nickel to steel. A procedure, which has been 
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(This curve is for welding without a backing. Where copper or other meta! 
backing is used, it is necessary to add 5 or 10 amp to the values shown.) 
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used successfully for a number of years on #/,. in. and heavier 
metal, in joining nickel to steel, is of interest. In the electric 
welding of a butt joint, the edges are beveled to 35 deg, then an 
overlay, or thin weld, of nickel is deposited on the scarfed edge 
of steel. This overlay or weld of nickel, as shown in Fig. 7, 
really presents a nickel surface, which can then easily be welded 
to the nickel plate with one or more beads. Again in the case 
of welding nickel pipe connections to the steel side of a nickel-clad 
steel vessel, it is desirable to punch the hole through the plate, 
cover the periphery of the hole with an overlay of nickel weld 
metal, insert the tube in place, then lay one or more nickel metal- 
lic-are welds to complete the joint on the outside fillet. 

If, instead of the procedure just indicated, a single-fillet weld 
were made between the nickel tube and steel plate to make the 
joint in a single pass, it would probably result in a checking in the 
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TABLE 5 TEST RESULTS OF NICKEL-TO-STEEL BUTT JOINTS 
IN */-IN. PLATE METALLIC-ARC WELDED 


Tensile 
strength, 
lb per 
Type of tensile specimen Failure sq in. 
Reduced section with weld reinforcements re- 
In weld 57200 
Full-section with weld reinforcements retained In steel 57900 


Nore: In a free-bend test, the outermost fiber in the weld elongated 9.6 
per cent before failure occurred. 


weld. Regardless of whether a nickel or steel electrode is used, 
the single-bead fillet weld between a nickel and steel surface is not 
foolproof. 

Where the correct procedure is followed on butt joints for 
veeing and for overlaying steel with nickel and then welding with 
nickel, the results given in Table 5 have been obtained. 

When welding monel to steel it has not been found necessary 
to use the procedure of overlaying the steel surface as has been 
found desirable for welding nickel to steel. 

In the joining of !/,-in. monel to steel, a single V weld was 
made with a 70-deg included angle. The butt joint can be 
welded with a monel electrode, with good results. The macro- 
graph and the micrographs shown in Fig. 8 naturally reveal quite 
a difference in appearance between welds and the base metals. 
Tensile tests of two monel-to-steel welded specimens with weld re- 
inforeement removed gave tensile strengths of 57,750 and 61,500 
lb per sq in., respectively. Both specimens failed in the steel. 

These strengths, since they are normal values for the steel- 
plate material, are satisfactory for the welding of dissimilar 
metals, and will suffice where this type of welding must be done. 
However, the composition of the weld metal is quite unknown, 
and empirical results are unfortunately the only source yielding 
sound information. 


QUALITY AND Puysicat Properties oF Deposirep METAL 


With a weld on thin sheet, say 0.062 in., it is possible to obtain 
the strength of the joint, but to attempt to measure the yield 
point is absurd because actually any value obtained is not a true 
value for either the sheet or the weld. Similarly, if the break is 
in the sheet, the ductility of sheet material is determined. With 
thicker metal, say '/; in. or '/: in., the tensile values are easily 
obtainable again, but yield strengths of welded joints are still of 
little value, except when all-weld-metal specimens are used. 


Nickel 


Nickel Weld 
35° Bevel on each side 


Fie. 7 Metuop or WE.LpING NICKEL PLATE TO STEEL PLATE 


In lieu of suitable ductility values being obtained in a tensile 
test, recourse has been taken to either a free- or jig-bend test. 
This type of test has proved quite useful and consists merely 
of taking a 1!/,-in. wide section of weld, in the approximate form 
of a tensile specimen, and bending the piece so that the stresses all 
fall in the weld, which is parallel with the bend. 

Table 6 gives values of welds recently made as a part of 
welder approval tests. The weld test plates were allowed to cool 
to 212 F before the next bead was deposited. Exographs of all 
the plates in connection with this test were sound and dense. 

Test plates of !/s-in. monel plate made up for welder qualifica- 
tion tests are sufficiently large to make available specimens for 
standard, reduced-section short-gage and long-gage tensile cou- 
pons, and two free-bend coupons. In the tensile specimens, the 
weld reinforcement is removed and the weld is normal to the 
applied tension. 
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Bend specimens are similar to those called for in the A.S.M.E. 
Unfired Pressure Vessel Code, but inasmuch as the gages involved 
are considerably less than the steel-plate thicknesses, the welded 
monel bend specimens are naturally much thinner. Two types of 
bend are made, one with the face of the weld in tension and the 
other with the root or penetration side of the weld in tension. 
The purpose is to determine the ductility of the deposited weld 
metal and the quality of the bond or fusion zone. A bend is 
marked as “satisfactory” if it has no failure longer than '/1 in. 
In all cases the bend is around a 1!/;-in. diameter pin. 


Fig. 8 PHOTOMACROGRAPH AND PHOTOMICROGRAPHS OF MoNEL 
Meta WELDED TO STEEL PLATE 


Table 7 shows results of welder qualification tests on '/;-in. 
monel sheet. Each weld was made by a different welder. This 
was all single-bead work in which all weld reinforcement was re- 
moved before testing in any way. Incidentally, in connection 
with this same series of tests, a number of X-rays were made of 
the welds. Thes2 excgraphs were all satisfactory. 

Similar test work was carried out on 3/;-in. hot-rolled monel 
plate. The weld test plate was set up as a single V butt joint, 
with a 70-deg bevel and a '/s-in. space between plate edges at the 
base of the V. Metal from a 5/3:-in. diameter monel electrode 


TABLE 6 RESULTS OF ae TESTS ON 3/;-IN. 
a 


a 


Condition Dimensions Tensile Jig bend 
(machined oO! strength, 180 deg 
Speci- all test lb per around 
men sides) piece, in. sq in. in. radius 
A-1 As welded 0.373 X 1.005 84500 Jae 
A-2 As welded 0.380 X 1.015 79400 eens 
A-3 As welded 0.375 XK 1.500 wae Root bend—O.K. 
A-4 As welded 0.375 X 1.500 — Face bend—O.K. 
B-1 Heated> 0.376 X 1.015 85700 es 
B-2 Heated > 0.376 X 1.020 90400 
B-3 Heated > 0.375 X 1.500 Root bend—O.K. 
B-4 Heated > 0.375 X 1.500 orate Face bend—O.K. 


“@ Published through the courtesy of the Newport News Shipbuilding and 
Drydock Company. 
6 Heated to 750 F and held for one hour. 


TABLE 7 RESULTS OF WELDER QUALIFICATION TESTS 


Long-gage Short-gage 
tensile test, tensile test, Face Root 
Number lb persqin. 1b per sq in. bend bend 
1 81900 81600 O.K. O.K. 
2 83700 77200 O.K. O.K. 
3 79900 83000 O.K. O.K. 
4 75000 75660 O.K. O.K. 
5 74100 75000 O.K. O.K. 


@ Published through the courtesy of the Newport News Shipbuilding and 
Drydock Company. 


MONEL MONEL MONEL STEEL 
PLATE WELD WELD PLATE 
4 
5 
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TABLE 8 CHEMICAL ANALYSIS OF MONEL WELD METAL 


Weld metal, 
Element 
Nickel plus cobalt 
Copper 


Manganese 
Aluminum 
Sulphur..... 


TABLE 9 PHYSICAL PROPERTIES vd 3/s-IN. MONEL METAL- 
LIC-ARC WEL 


Tensile Duc- 
strength, tility, 
Ib per per 
sq in. cent Break 
In weld 
In weld 


Test 


Full-section tensile specimen 

Reduced-section tensile specimen. . 77600 
Free bend, face of weld in tension, 180 deg 

bend 44.4 
—s bend, reverse of weld in tension, 180 deg 


No failure 


50.0 No failure 


* Published through the courtesy of the research department of M. W 
Kellogg Company. 


MONEL WELD? 


After 
stress re- 
lieving at 

1150 F 


TABLE 10 HARDNESS SURVEY OF ?/;-IN. 


Location of test As welded 


Center line of weld: 


Junction of weld and base metal.............. 
Center of heat-affected 
Base metal remote from weld 


Brinell. Published 


@ Readings taken as Rockwell and converted to 
W. Kellogg Com- 


through the courtesy of the research department of M. 
pany. 


was deposited at a current between 130 and 140 amp, and a load 
between 25 and 30v. The piece was not allowed to cool between 
beads. Theusualseal weld was deposited in the chipped groove 
on the back side of the weld. Prior to physical testing, the 
welded plate was stress relieved at 1150 F for the usual one hour 
per inch of thickness. The X-ray of the weld was free from any 
porosity and was characterized as “‘perfect, no defects.” Miill- 
ings of weld metal retained from machining of test specimens and 
later used for chemical analysis of weld metal yielded the results 
given in Table 8. The physical properties are shown in Table 9. 
Results of a hardness survey of a cross section of the weld are 
given in Table 10 while the photomacrograph of such a weld is 
shown in Fig. 9. 

The */;-in. monel plates, beveled to 37!/; deg each, were set up 
for a butt joint, welded with a special monel electrode containing 
more than the usual amount of aluminum, and the plate was 
allowed to cool between passes. The weld was made with four 
beads deposited in the V, and a single seal bead laid in on the 
reverse side with a 5/3: in. electrode, all at 145 amp and 28 v. 
The results shown in Table 11 were obtained after stress relieving 
for 3 hr at 1077 F (575 C). 
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TABLE 11 secre: PROPERTIES OF HIGH-STRENGTH 


ONEL WELDS? 


Yield 
strength 
Weld D (0.2% set), 
specimen s lb per sq in. 
46000 93440 
45200 93120 


® Values obtained after stress relieving at 1077 F for 3 hr. 
6 Published through the courtesy of the Watertown Arsenal. 


Tensile 
strength, 
Ib per 


sq in. 


Elong. 


Proportional 
in lin., 


Fic. 9 Mertauuic-Arc WELD IN 3/s-InN. MoNEL 


PLATES 


Although by far the greater activity bas been with monel, 
nevertheless, much nickel is being joined by fusion welding. 
Whenever heavy or large vessels require the use of nickel on their 
interior surface, solid nickel is not used, but instead, a bimetal 
known as nickel-clad steel. This is flange-quality steel with a 
thin veneer or cladding of pure nickel on one surface. As the 
welding of nickel-clad steel is a subject apart from this paper, and 
as it is already ably covered by a technical bulletin? now available, 
only brief mention of it will be made. In the case of a butt joint, 
the steel side is beveled with either a V or U groove and that 
side completely welded in, following regular steel practice. As a 
continuous nickel interior is desired, the nickel side of the seam is 
chipped out with a diamond point or round nose gouge, and then 
one or more beads of nickel are deposited with the metallic are. 
The strength of a butt joint in nickel-clad steel plate, available in 
thicknesses greater than */, in., is essentially the same as a 
properly made weld in steel plate, and designs are based on this 
value. 

There is much improvement in the welding of monel and nickel, 
and in view of the very satisfactory properties obtained, this 
method of joining is to be recommended for these two materials. 

3 ‘Methods for the Construction of Nickel-Clad Steel Plate,”’ by 


F. P. Huston and T. T. Watson. Published and distributed by the 
International Nickel Co., New York, N. Y. 
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The Welding of Aluminum Alloys 


By G. O. HOGLUND,' NEW KENSINGTON, PA. 


The author discusses the use of gas, metallic-arc, and 
electric-resistance welding of aluminum but points out 
that althcugh other forms of welding are applicable to 
the fabrication of aluminum products, none as yet are of 
commercial significance. The author includes references 
to the types and gages of aluminum alloys suitable for 
welding, the difficulties encountered in welding the alloys, 
the types of equipment used in the welding processes, 
and methods in use for the fabrication of aluminum prod- 
ucts. He also mentions some of the industrial applica- 
tions where welded-aluminum products can be used 
profitably. 


‘ , J ELDING processes for joining structures of almost all 
engineering materials are now well-established in in- 
dustry. It follows that the growing use of aluminum 
and its alloys has necessitated adaptation of the common weld- 
ing processes to the physical characteristics of this metal. A 
considerable amount of research, development, and practical 
work has been done in this connection, and it is the purpose of 
this paper to review the present status of the welding art as it 
is used currently in fabricating the aluminum alloys. 

There are three welding processes at the present time which are 
of commercial significance in assembling aluminum parts. These 
are torch or gas welding, metallic-arec welding, and electric-resist- 
ance welding as exemplified by spot and seam or line welding. 
There are, in addition, a number of other welding processes which 
have been adapted to joining aluminum experimentally or in 
limited production. These include butt and flash welding, manual 
carbon-are welding, atomic-hydrogen welding, automatic metallic- 
and carbon-are welding, and several others. While good sound 
welds have been made with these processes, and some of them 
offer considerable promise with further development, the produc- 
tion possibilities of these methods have not, as yet, been apparent 
in practice. Further reference to the latter methods will not be 
covered here, though questions are invited in this connection 
where these processes may be of specific interest. 


Torco or Gas WELDING 


The intelligent application of gas welding in production in- 
volves an understanding of the metallurgical characteristics of 
the aluminum alloys. This phase is relatively more important 


1 Welding Engineer, Aluminum Company of America. Mr. Hog- 
lund upon his graduation from the University of Michigan in 1925 
took a position in the Bureau of Aeronautics, Navy Department, 
working on the design and development of propellers for Naval air- 
craft. In 1928 he was transferred to the engineering department at 
the Naval Air Station, Lakehurst. This lead to an appointment 
as assistant professor of aeronautical engineering at the University 
of Minnesota in 1928-1929. Since that time he has been associated 
with the Aluminum Company of America, working first on the ap- 
plication of aluminum alloys in the aircraft field and since 1932 on 
welding development. 

Contributed for presentation ai the Welding-Practice Symposium 
sponsored jointly by Tae American Society oF MECHANICAL 
Enotneers and The American Welding Society to be held at Cleve- 
land, Ohio, October 22 and 23, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.8S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nors: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those of 
the Society. 


with gas welding than with other welding methods because the 
relatively high thermal conductivity and expansivity of aluminum 
causes a comparatively wide area to be affected by the welding 
heat. These factors are not difficult or complicated to under- 
stand and the effect of the welding temperature on the constitu- 
ents, heat-treatment, or strain hardening are expressed as follows. 

Considering first the materials suitable for gas welding, com- 
mercially pure aluminum (2S) and aluminum of higher purity 
are readily welded. Welds in these materials are characterized 
by a strength better than that of the parent material, good duc- 
tility, and excellent resistance to corrosion. Where higher 
strength is required, an alloy of aluminum and 1.25 per cent 
manganese (3S) can be used. Butt, fillet, or edge welds can be 
made on these materials with entire freedom from heat or con- 
traction cracks. 

An alloy of aluminum with 0.25 per cent chromium and 2.5 per 
cent magnesium (52S), possessing even higher strength than the 
alloy of aluminum and manganese (3S), can be used at times. 
However, the material is more sensitive to the heat of the welding 
torch and difficulty is experienced in making other than butt or 
edge welds. Fillet welds or welds in gages heavier than */, in. 
may lead to production difficulties, which generally occur as 
cracks in the parent metal when the weld cools. These remarks 
apply only to torch welds, however, since such difficulties are not 
experienced with arc or resistance welds. 

All of the alloys are produced commercially in various tempers 
in which the mechanical properties are raised considerably by 
applying predetermined amounts of cold work. The applica- 
tion of welding heat, however, anneals the material, and it follows 
that the strength of a welded joint is equal to the annealed strength 
of the base alloy. The annealed zone near the weld extends from 
three to five times the thickness of the metal on each side of the 
weld. Because of this fact, welded pressure-vessel design must be 
based on the annealed strength of the alloy. In other cases it is 
frequently possible to locate the welds so that advantage can be 
taken of the higher properties of cold-worked metal outside of the 
weld zone. 

By suitably alloying aluminum with certain other metals, a 
class of materials has been developed in which the mechanical 
properties can be increased by heat-treatment. Two of these 
alloys are particularly suitable for welding operations. Alumi- 
num alloyed with 1 per cent silicon and 0.6 per cent magnesium 
(51S) is widely used for welded furniture. Another similar alloy 
of aluminum consisting of 0.7 per cent silicon, 1.25 per cent mag- 
nesium and 0.25 per cent chromium (53S) is used for architectu- 
ral and marine applications and aluminum beer barrels. Solu- 
tions of the constituents, and consequently the mechanical prop- 
erties, are affected by the welding temperature. The heat- 
treated structure is not completely obliterated by the welding 
heat, however, and the strength of an assembly welded from these 
alloys is not predictable. The number, length, and type of the 
welds determine the extent of the annealing effect, and conse- 
quently individual tests of the assembly after welding are gen- 
erally required to establish the strength accurately. 

Gas welding is accomplished on all of these alloys with standard 
welding equipment, utilizing either the oxyacetylene or oxy- 
hydrogen torch. Sound welds have been made with other weld- 
ing gases, but when considering availability, welding speed, and 
general suitability, hydrogen and acetylene are most satis- 
factory. 

Aluminum and its alloys are covered with an oxide coating 
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formed in the atmosphere which prevents smooth coalescence of 
the weld metal unless a flux is used. A number of good fluxes are 


available which are generally mixed with water and applied to 
the welding rod by dipping. In this connection, it should be rec- 
ognized that all of the welding fluxes are composed of chlorides 
and fluorides which, in the presence of moisture, attack alumi- 
num. Residual flux deposits remaining on the joint after weld- 
ing must be removed. Washing in boiling water or immersion 
for one half hour in a 10 per cent sulphuric-acid solution is effec- 
tive in accomplishing this result. Complete removal of the flux 
from parts which are to be painted subsequent to the welding 
operation is essential since the action of the flux on the metal 
will lift the paint coating on the joint in a comparatively short 
period. 

Proper preparation of joints is important in obtaining sound 
welds with good penetration. Gages #/;. in. and heavier should 
be V-notched prior to welding. Distortion and buckling can be 
held to a minimum by tacking the joint at intervals of from 8 to 
12 in., or by the use of jigs to align the parts. In the latter 
case, jigs should be designed so that expansion and contraction 
of the parts can take place without putting a strain on the weld 
as the joint solidifies and cools. 

The proper welding technique is a matter of practice and is not 
difficult to attain. Personnel familiar with the welding art on 
other metals are easily trained to weld aluminum when they are 
given an opportunity to examine the way in which the metal 
melts and the comparatively greater fluidity of the weld puddle. 
Qualification of welders is desirable, particularly on welds in 
heavy gages. Welds in material lighter than '/, in. can be ex- 
amined visually for quality with assurance that a smooth, regular 
bead will show a sound structure. On heavier material it is de- 
sirable to determine welding ability by having the welder produce 
a test plate on which the as-welded and reduced-section tensile 
strength, nick-break, and free bend tests can be made. Visual 
examination of welds in heavy gages is not a reliable guide as to the 


soundness of the weld struc- 
ture. The details of such tests 
are outlined in section VIII of 
the A.S.M.E. code for unfired 
pressure vessels, 

The brewery and dairy in- 
dustries are finding extensive 
applications of welded con- 
struction. Storage and settling 
tanks, fermenters and yeast 
equipment for the brewery are 
all welded from aluminum with 
a high-purity grade of 99.5 per 
cent aluminum. Such tanks 
are welded with the torch using 
a filler wire of the same grade 
as the parent material. A 
smooth interior finish is pro- 
vided on these vessels by ham- 
mering the weld bead flush with 
the metal surface. For packag- 
ing beer between the brewery 
and consumer, a beer barrel 
fabricated from the heat- 
treated alloy of aluminum, 
silicon, manganese, and chro- 
mium (53S) has been developed. 
This material has excellent re- 
sistance to corrosion and is 
equally as satisfactory as high- 
purity aluminum, in that it 
does not affect the taste or cause turbidity of the beer. In view of 
the fact that this alloy can be exposed directly to the beer, no 
pitching or coating need be applied to the inside of the barrel. It 
follows that for sanitary reasons no other method than welding 
can be used for assembling the barrels, and torch welds are used 
for all joints. 

Materials for chemical equipment are subjected to rigorous 
service conditions and welded-aluminum construction finds many 
applications in this field. Most such equipment is made of the 
alloys 2S, 3S, or 52S, or the heat-treated alloy 53S because these 
materials are most resistant to corrosive conditions, and because 
the parts can be fabricated by welding. Specific examples of 
welded construction which have been successful, are to be found 
in equipment for handling synthetic nitric and acetic acids, 
hydrogen peroxide, cellulose acetate, and many of the chemicals 
used in the rayon industry. Welded aluminum is also used for 
handling distilled water. The fact that salts of aluminum are 
colorless has promoted the use of aluminum in processing and 
handling varnish and the raw materials used in its manufacture 
since no effect is apparent in the color of the product even 
though slight attack may occur. For the same reason, aluminum 
equipment is used in handling stearic acid as well as the nitric 
and acetic acids used in the rayon industry. Equipment for 
these purposes varies in size from small shipping containers to 
tank cars or large tanks 30 ft or more in diameter. 

Widely varying service conditions in the chemical industry 
make it impossible to be more explicit in this field. It is sug- 
gested that specific problems in this connection be referred to an 
experienced manufacturer for recommendations concerning suit- 
able alloys and design. It is also frequently desirable to expose 
typical joints to the exact service conditions to be encountered in 
order to provide reliable data for purposes of design. 

The transportation of gasoline and oil in welded-aluminum 
truck tanks is well-established in practice. In this case the alloy 
3S is used. Because of the light weight of aluminum construc- 
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tion, pay load increases between 
30 and 50 per cent have been 
attained. Further improve- 
ment is anticipated with the 
use of the 52S alloy in which 
the higher unit strength should 
permit additional weight sav- 
ings. A number of experimen- 
tal tanks of this alloy have now 
shown good service records. 

The alloy 53S is widely used 
for architectural applications 
where, because of its strength, 
excellent resistance to corro- 
sion and weldability, it pro- 
vides good appearance with 
economical fabrication cost. 
Doors and windows for build- 
ings, buses, and railroad pas- 
senger equipment are made by 
welding this alloy. In the 
metal-furniture field, where 
light weight, durability, and 
sanitary construction are essen- 
tial, the alloy 51S is used and 
joined by gas welding. 


Mera.uic-Arc WELDING 


Metallic-are welding of the 
aluminum alloys is gradually 
attaining more prominence in 
production operations, particu- 
larly for structural parts 
where expensive finishing 
operations are not required. 

The process is particularly useful in minimizing distortion or 
buckling when welding aluminum. The high temperature of the 
arc fuses the parent metal rapidly with that deposited from the 
rod and a comparatively narrow zone in the parent metal is af- 
fected by the welding temperature. In spite of the high thermal 
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conductivity of aluminum, the amount of expansion that takes 
place when are welding is substantially less than when torch 
welding. 

The rapidity with which the metal melts and freezes is also con- 
ducive to narrowing the annealed area near the weld in the cold- 
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worked alloys and to reduce the lowering of the heat-treated 
properties in the heat-treated alloys. While the area affected by 
the welding is smaller, it is not eliminated and the strength of the 
welds is substantially the same as the strength of gaswelds. It 
follows that the previous remarks on designing welded structures 
on the basis of the annealed strength of the alloys applies as well 
to metallic-arc-welded parts. 


Atuminum-ALLoy (38) Tank Mape From 1In. Tuickx. 
Torco Usep For anp GirtH SEAMS. METALLIC- 
Arc WELDING USED FoR ATTACHING SUPPORTS 
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TABLE 1 ELECTRODE SIZE AND MACHINE SETTING FOR THE 
METALLIC-ARC WELDING OF ALUMINUM 


Electrode 
diameter, 


cause the formation of steam, if water is present, causes excessive 
spatter. Flux coatings on the rods are somewhat hygroscopic, 
and if the rods are stored for periods longer than a week before 
using them, it is advisable to dry out the coatings by baking 
the rod for several hours between 200 and 300 F. 

The fluidity of the weld metal when making butt welds on 
aluminum requires the use of a backing strip to confine the 
penetration bead. Backing strips are generally made from cop- 
per or steel and grooved about '/i. in. deep and '/; in. wide 
to provide enough molten metal on the bottom of the weld to 
prevent “piping” from the solidification shrinkage in the weld 
bead. It is difficult under shop conditions to make butt welds 
on gages lighter than 0.081 in., and fillet or lap welds on gages 
lighter than 5/s: in. These limitations have been established 
because of the difficulty of controlling the are on the lighter 
gages. In addition, the rapid freezing of the weld entraps gas 
in the cast weld zone, causing a porous structure. No upper 
limit on thickness has been established and sound welds in plate 
2 in. thick have been made. 

The preparation of joints for metallic-are welding is simpler 


Arr Ducts Wirs Sipe WaLts STIFFENED BY Metauuic-Arc WELDING THE CHANNEL SECTIONS TO SIDES 


Special equipment is not required for are welding aluminum. 
The standard d-c motor-generator sets can be used as well as a-c 
equipment, particularly the type which superimposes a high- 
frequency current in the are circuit. Machine capacity depends 
on the gage to be welded. Table 1 shows suggested machine 
settings and rod sizes for average shop conditions. 

Arc welding of aluminum can be done only with heavily coated 
rods. The flux coating serves to stabilize the arc as well as to re- 
move the oxide coating thus permitting smooth coalescence of the 
weld metal. Rods must be dried thoroughly prior to use be- 


than the preparation of the joints for torch welding. When 
making butt welds, material up to '/, in. thick requires no pre- 
liminary V notching or other preparation. Heavier material 
should be Veed to within !/, in. of the bottom of the section. 
Good penetration can be obtained on material from '/, to !/3 in. 
thick without edge preparation in those cases where a weld bead 
can be laid down from both sides of the section. 

The welding flux used for coating rods is similar to the torch- 
welding flux in that it should be removed from the joint after 
welding. Thesame methods already mentioned are applicable in 


i 
In, Amperes per lb 
0.064 45-55 32 
0.081 1/3 55-65 32 
0.102 65-75 32 
0.125 75-85 32 
5/39 1/5 or 5/s2 85-100 32-23 
100-125 23 
Ay 
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this case though, and because of the rougher surface of the weld, 
vigorous application of a wire brush is desirable to insure com- 
plete removal of the flux. 


WELDING 


Substantial progress has been 
made in the past two years in 
the development of suitable 
equipment for spot and seam 
welding aluminum. This re- 
sult has been brought about 
largely by the demands of the 
aircraft industry for a more 
economical method of assem- 
bling all-metal airplane struc- 
tures than the driving of thou- 
sands of small rivets. Its use, 
however, has not been limited 
to aircraft and is extending to 
other fields concerned in the as- 
sembly of sheet structures. 

While the process is just 
reaching the production stage, 
the development of equipment 
and investigational work on 
strength and resistance to cor- 
rosion of spot welds have been 
conducted for several years. 

With few exceptions, equip- 
ment as designed and used for 
spot welding other metals is 
unsatisfactory for use with the 
aluminum alloys. A tabula- 


tion of the characteris- 
tics required for suitable 
aluminum-alloy work, will 
tend to emphasize the rea- 
son for this condition. 

Spot and seam welding 
of the aluminum alloys is 
essentially a precision job, 
but, if the equipment pro- 
vides the following essen- 
tial features, consistent 
results can be obtained 
with any of the aluminum 
alloys. These features are: 

1 Precision synchron- 
ous timing for the highest 
quality strong alloy work, 
or reasonably accurate 
nonsynchronous timing for 
certain jobs using common 
alloys. 

2 <A proper value of 
welding current for the 
work in question. 

3 Suitable electrode 
design. 

4 Aquickly adjustable 
and accurate electrode 
pressure mechanism. 

5 A design of machine 
to minimize electrode 
hammer blow. 


Srot-WELDED Rack ASSEMBLED FROM 
ALuminuM-ALLoy (53ST) Ex- 
TRUDED SHAPES 
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6 Equipment to insure that the adjustments as made are 
maintained for successive duplicate welds. 

In spot welding aluminum, a spheroidal cast bubble-shaped 
area is formed at the interface between the parts by the passage 
of the current. 


Experience has determined that the depth of the 


EqQuipMENT Setup FoR Propuction Spot WELDING oF ALUMINUM ALLOYS 


bubble should extend about two thirds of the distance to the 
sheet surface to obtain consistent strength and best resistance 
to corrosion in the welds. Accurate control of the current and 
the time is essential to obtain consistent results, particularly on 
the heat-treated alloys. Electronic timing equipment is now 
available with adequate capacity to handle the relatively heavy 
currents for short times that are required for welding aluminum. 
The time and current required vary with the gage, and approxi- 
mate values are shown in Table 2. 


TABLE 2 APPROXIMATE MACHINE SETTINGS FOR SPOT 
WELDING ALUMINUM 

: Approx Electrode 

Thickness, in. — Cycles amperes pressure, lb 

0.020 1 16,000 300— 500 

0.036 2 20,000 400— 650 

0.064 4 24,000 500— 800 

0.081 6 28,000 600— 900 

0.125 9 35,000 700— 1200 


Nore: Cycles based on 60-cycle power supply. 

It should be pointed out in connection with item 2 that the 
conventional kva rating on a machine nameplate is generally 
not a reliable means of establishing the capacity of resistance- 
welding equipment. The current at the welding tips is varied 
by the distance between the arms and by the throat depth so 
that two machines of exactly the same kva rating may have sub- 
stantially different capacities. Insufficient heat to make a weld 
cannot be compensated for by increasing the time when welding 
aluminum. The capacity in amperes for the various arm posi- 


tions on a machine can be determined easily by simple electrical 
tests, and a calibration of the equipment is the first essential 
when starting on the welding of aluminum. 

Proper electrode design and maintenance are essential to obtain 
consistent spot welds on aluminum. Variation of the con- 
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tact area of the electrode tip will change the current and pressure 
distribution and contribute to inconsistent strength of the 
welds. The common method of dressing electrodes with a file is 
entirely unsuitable for spot welding aluminum. A simple means 
maintaining tip contour is shown in Fig. 1. A 165-deg included- 
angle cone is machined on the tip and when it is in use no cleaning 
is done on the tip surface with anything but a very fine grade of 
abrasive cloth. A tip of this type will make between 250 and 400 
spot welds before remachining is necessary. 

The other features listed concerning electrode pressure mecha- 
nism and hammer-blow, as well as equipment to insure the duplica- 
tion of electrical conditions for successive welds, are questions of 
machine design. The welding-machine manufacturers are 
familiar with these requirements and can supply equipment to 
meet any desired application of spot or seam welding of alumi- 
num. 

SrrenctH OF Spot WELDS 


The strength of spot welds in the aluminum alloys has not yet 
been investigated thoroughly. The shear strength of spot welds 


has been determined for a limited number of gages and alloys, 
and typical results are shown in Table 3. Because of the rapid 
changes in the equipment and process, it has not been possible 


TABLE 3 BREAKING LOADS ON SPOT WELDS IN VARIOUS 


ALUMINUM ALLOYS 


Breaking load, 
Ib per sq in. 


Alclad 17ST 
Alclad 24ST 
53ST 


Nore: These figures represent the average shear strength per spot ob- 
tained on five or more l-in, wide two-spot test specimens. All specimens 
were made from sheet 0.032 in. thick. 


to cover the entire field of gages and alloys. However, further 
testing is being done and where specific data not yet determined 
are required, they can be obtained on relatively short notice. 

Some work has also been done in ascertaining the fatigue 
strength of spot welds. No absolute values of fatigue strength 
have been determined since the tests were designed to compare 
spot-welded with riveted joints. Results of this work to date 
indicate that properly designed spot-welded joints withstand 
alternating or vibratory loads as well as riveted joints. When 
changing from a riveted to a spot-welded joint, tests of different 
joint designs are advisable to determine the most efficient. Air- 
craft gasoline tanks which must withstand a 25-hr vibration test 
are built with seam- and spot-welded joints. 


RESISTANCE OF Spot WELDS TO CORROSION 


Tests on spot welds exposed to salt spray, the atmosphere, 
and to alternate immersion in tidewater from the Hudson river, 
have been conducted for the past several years. 

Spot-welded specimens have been exposed for one year on the 
coast at Point Judith, R. I. The exposure conditions in this 
locality are very severe because salt spray is deposited on the 
specimens in stormy weather. Tension tests on the exposed 
specimens show no significant losses over this period on 2S, 38, 
52S, 53S alloys, and on all of the Alclad forms of the aluminum 
alloys. These results confirm earlier laboratory salt-spray tests. 

Spot-welded boxes simulating aircraft construction, have also 
been exposed to alternate immersion in Hudson river tidewater at 
Edgewater, N. J. The results indicated that the high purity 
coating on Alclad 17ST and Alclad 24ST alloys, protects the 
spot welds just as effectively as rivets or sheared edges are pro- 
tected. On the basis of the tests run to date, the resistance of 
spot-welded joints to corrosion is comparable to that of riveted 
joints in the same alloys. 
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Casting or Welding in Machine Design 


By J. L. BROWN,! EAST PITTSBURGH, PA. 


This paper is a presentation of the problems involved in 
choosing between a cast machine part or a part fabricated 
by welding for any specific purpose. The author discusses 
the advantages and disadvantages of each method in the 
light of cost, utility and appearance of the finished product 
and compares the casting method with fabrication by 
welding for several specific structures. Fields in which 
fabrication by welding can and cannot compete with cast- 
ings are also mentioned, together with problems involved 
in designing a welded part to replace a casting. 


( hs have been made for hundreds and even thou- 
sands of years. The art of producing structures by weld- 
ing is a distinctly modern development, and in spite of the 

fact that extensive application of it has taken place only within 

recent years, it has expanded to fill a large and rapidly broaden- 
ing field of usefulness. The question often arises as to what 
extent welded structures can economically replace castings. 

The use of welded structures is largely dependent upon another 
development of modern times, the rolling of steel. A section of 
rolled steel does not in itself ordinarily form a complete structure 
but depends upon some means of attaching it to other portions of 
the structure. For this purpose it has been the custom for many 
years to use small wrought-steel parts such as rivets or bolts 
thus departing entirely, in such structures, from the casting 
method of fabrication. 

Broadly speaking, the casting method of fabrication is essen- 
tially the flowing of molten material into any given location and 
permitting it to solidify. Ordinarily some particular shape of 
the solidified material is required and this end is accomplished by 
flowing the molten material into a mold previously prepared to 
give the desired shape. In certain cases it has been found desir- 
able and feasible to attach to the casting a part such as a lifting 
eye or screen for a ventilating opening which remains in the solid 
form during the casting operation by suitably placing it in the 
mold, with the portion to be joined to the casting extending into 
the space provided for the molten metal. Another well-known 
practice similar in principle is the joining of trolley rails by ther- 
mit welding. In this construction, the familiar bolt and fish- 
plate joint is replaced when the operation is complete by a mold- 
formed block of cast metal firmly attaching to the ends of ad- 
jacent lengths of rail. 

In some of these cases the solidified metal holds the associated 
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part by closely following its contour and grasping it firmly with- 
out actually bonding to it. In other cases the heat of the molten 
metal has been sufficient to melt the surface of the solid parts 
so that when cooling, the casting and the part cast in it become 
bonded together in one solid mass, the part set into the casting 
retaining its own peculiar shape external to the casting and the 
casting taking the form of the mold. This type of work is illus- 
trated in Fig. 1. 

Compare with this the deposit of weld metal joining the ends 
of a pair of rolled-steel bars scarfed out to produce a flush weld, 
also shown in Fig. 1. The V-shape of the scarfed joint has 
formed what is substantially a mold to receive the molten weld 
metal. The latter cools and forms a V-shaped casting. The 
heat applied has melted not only the weld metal but the adjacent 
surface metal of the steel bars. The result upon cooling is a solid 


Fig. 1 ExpaNnpeD-METAL SCREEN BONDED IN A CASTING 


(The screen, the screen in the core sand, and the screen bonded in the casting 
are shown at the left. Two steel bars butt-welded together are shown at 
the right. The cast-in screen and the butt-welded bars have the same essen- 
tial elements, that is, parts of unmelted rolled steel joined together and to the 
bonding material by molten metal which has subsequently solidified.) 


structure consisting of two rolled-steel bars joined by a casting. 
To be sure, the volume of metal cast into the joint is a small 
percentage of the weight of the entire structure, and the con- 
ventional mold usually associated with castings is absent because 
it is not required and the melting and solidifying process is pro- 
gressive across the joint instead of being a bulk operation. These 
differences as compared with conventional casting practice are, 
however, adaptations to suit the conditions, and permit the 
maximum possible convenience and efficiency in producing the 
complete structure. 

Not only is the deposit of weld metal at the joint of a welded 
structure essentially a casting, but all sections of rolled steel were 
originally in cast form, that is, cast as ingots from the steel fur- 
nace. The rolling process lengthens and widens such castings, 
and at the same time reduces the thickness. A welded struc- 
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ture therefore becomes a casting stretched out by rolling; cut, and 
assembled to give the required form; and locked in position by 
relatively small portions of cast metal appropriately placed and 
attached by the welding process. The question of weldings 
versus castings therefore resolves itself into how far this stretching 
and piecing together process should be carried in displacing the 
method of making the original casting to the final form in one 
integral piece. 


WELDED AUTOMOBILE TRAILER 


The welded-angle rib structure of the trailer. 
completed trailer.) 


Fig. 2 


(Top: Bottom: The 


Many of the advantages to be gained by the welding method of 
fabrication are closely associated with and dependent upon the 
advantages of rolled steel. Since this material is produced in 
tremendous bulk by highly developed high-speed machinery 
and, in a limited number of standard shapes and sizes, it is avail- 
able at relatively low cost per unit weight or strength. Rela- 
tively thin sections of great length and of such shape as to give 
most efficient use of the material are readily produced without 
reference to the thickness of section required for flowing of molten 
metal or to resist shrinkage stresses such as arise in the solidifying 
process in the case of castings. Furthermore, the manufacture 
of structures of a variety of shapes and sizes and for any and 
every purpose may be provided for by carrying a stock of a 
limited number of shapes and sizes of rolled steel and supplying 
some satisfactory means of cutting them to size and joining the 
pieces in assembly. 


FABRICATION BY WELDING 


At this point the advantage of welding as a manufacturing 
process becomes apparent. When the parts of the structure 
have been sawed, sheared, punched, flame-cut or otherwise made 
to shape and subsequently arranged in proper relative position, 
the joints may be formed by welding with a speed and efficiency 
impossible to equal by any other known method of joining steel to 
steel. When, however, this has been done the question still 
“Should this structure have been a casting?” 


arises: 
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Experience has shown that in many cases this question is 
answered correctly in favor of a welded design, and this answer 
will be more or less obvious depending upon conditions. For ex- 
ample, it is obvious that very large structures which are as- 
sembled from many pieces at their final destination must be of 
rolled members joined together by welding or some other method. 
In other words, no one would suggest substituting cast members 
for rolled-steel members for the frame of a large bridge or office 
building. Here the advantage of low-cost standardized shapes 
with efficient distribution of material is realized and the efficiency 
of fusion welding as a means of producing the joints of such struc- 
tures has been demonstrated repeatedly in projects completed in 
recent years. 

Even though the structure be of much smaller size than the 
type just suggested, but having the same general character 
wherein long members of relatively thin section predominate, 
thus giving a low ratio of cubic volume of material to cubic 
volume of the structure, castings will be found unsuitable for the 
reason, among others, that molten metal will not flow through 
long thin passages in the mold without becoming cooled beyond 
the point where fluidity disappears. 

The author recently used about eight hundred pounds of 
15/4 X 13/4 X 4/iein. steel angle welded into a framework for 
the 16-ft house trailer shown in Fig. 2. It would certainly be 
hopeless to consider making this structure in the form of one or 
more castings not only because of the considerable increase in 
section of the material required for flowing of the molten metal 
and correspondingly great increase in weight, but because of the 
lack of the elaborate pattern-shop and foundry facilities required, 
and the expense involved in producing a structure of this size 
and shape by the casting method. 

Where box-like structures of this character are to be produced 
in a single casting, large elaborate and expensive cores are neces- 
sary, and hazards and delays are introduced. A job of this type 
falls easily into the welded class, where available standard shapes 
can be quickly cut and fabricated by welding. 

The speed with which welded structures may be produced from 
standard shapes carried in stock often makes this the preferred 
method to fill a given order even though a casting might be 
equally satisfactory for the purpose and indeed the casting 
method may be so advantageous for the part in question as to 
be adopted for producing it for subsequent orders. Demand for 
early delivery, therefore, often makes it obvious that the part 
must be of welded steel. If the part is not to be reproduced, the 
casting will still be less attractive as the cost of the pattern has 
to be added to the cost of the casting and charged to the order. 
Even the prospect of infrequent demands for the part in the future 
might make a pattern undesirable because of the problem of pat- 
tern storage and repairs to it due to wear and tear resulting from 
handling and weather conditions. 

Among other general considerations influencing the choice of 
welded or cast designs, are the complexity of the structure, the 
amount of machining, and the appearance requirements. One 
of the advantages stated for the use of rolled steel was the avail- 
ability of standard shapes at low cost. If, however, the char- 
acter of the structure to be produced does not lend itself to the 
use of these shapes without a large amount of forming and 
piecing together, as is the case with arc-welded frames shown in 
Fig. 3, it may require a much closer analysis to decide whether a 
cast or welded design will be the more advantageous. Welded 
designs have their greatest advantage when the pieces used in 
making them are few and simple and are held in assembly with a 
minimum of welding. When structures, especially small struc- 
tures, become complex, the cost of a welded design might sub- 
stantially exceed the cost of a cast design. 

If in addition to the fact that a suitable structure can be pro- 
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Fig. anp Cast Arc-WELDER FRAMES 
(The welded-steel frame at the left has so far been unable to compete in cost with the cast frame shown at the right.) 


Fic. 4 anp Cast Moror FRAMES 
(The motor frame at the left is correctly designed as welded. The pieces used are easily formed to shape, and the area of the frame section is required for 


magnetic purposes. 


he cast motor frame is of intricate shape but can be cast easily. 


In the case of the casting there are no magnetic requirements 


and the laminated stator is subsequently pressed in and serves all magnetic purposes of the frame assembly.) 


duced by judicious choice of a few simple rolled-steel parts joined 
by a few advantageously placed welds, the parts can be so placed 
as to eliminate the necessity for any considerable amount of 
machining, the casting method will usually give place to the 
welding method of manufacture. 

Finally, if the character of the structure is such that the dis- 
tinetly angular appearance resulting from the use of standard 
rolled sections is not acceptable and the number required is so 
small that the expense of tools required for forming the constitu- 
ent parts to a more pleasing shape is not justified, the tendency 
will be in favor of the casting method. However, where appear- 
ance is of less importance and the requirements of the structure 


may be fulfilled by welding together a few simple pieces of angle, 
channel, H-beam or flat material, as illustrated in Fig. 4, the 
designer will usually be strongly influenced to take advantage of 
the welding method. 

When the application of the foregoing general eneiane to the 
problem does not give an obvious answer, a more detailed and 
careful analysis of the facts which enter into it must be made. 
For example, we may ask: “How should a motor frame be 
made?” Depending upon the various conditions the answer is 
given, and may be correctly given, sometimes in favor of the 
casting and at others in favor of a welded design. What these 
conditions are and how they influence the final answer as to 
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whether a cast or welded design will be the more advantageous 
will be discussed in the following paragraphs. 

In the case of castings, the availability of a variety of mate- 
rials having widely differing characteristics permits a choice of 
that one having the greatest net suitability for the particular 
purpose. For welded structures, on the other hand, the choice 
of materials is more narrowly limited, so that in many cases a 
greater compromise must be made. Whereas for general pur- 
poses welding and especially are welding is largely confined to 
steel, castings are made in large volume from not only steel but 
from the large variety of cast irons, semisteels, and nonferrous 
materials. Each of these is particularly suited to a purpose or 


Fic. 5 Rope SHEAVE MACHINED From A CASTING 


purposes and because of their adaptability in fulfilling these pur- 
poses it is particularly difficult to displace them by a welded- 
steel substitute. However, in seeking to make a substitution, it 
is necessary to consider the principal advantages of these cast 
materials. 


ADVANTAGES OF Cast MATERIALS 


Cast irons and semisteels comprise by far the greatest bulk of 
all castings made. Their texture provides ideal wearing sur- 
faces for such items as brake drums, rope sheaves similar to the 
one shown in Fig. 5, and cylinders for internal-combustion en- 
gines. They are resistant to corrosion and may be produced with 
fair magnetic properties. Cast irons are used for a great variety 
of work where stresses are low, either because forces are small or 
the section of material is ample, or where ease of machining is a 
factor. Semisteels provide up to double the strength of ordinary 
grey cast iron while maintaining the characteristic cast-iron 
structure so advantageous for machining and other purposes. All 
metals of this class, however, are very low in ductility and they 
do not lend themselves readily to joining to other parts by 
welding. 

Malleable-iron castings are produced in comparatively small 
volume. They are used for relatively small machine parts where 
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freedom from brittleness is important and where steel castings 
would be more difficult to make on account of the thin sections 
employed and would be stronger and more expensive than neces- 
sary. They machine easily, have fair magnetic properties and 
like cast-iron castings are not suitable for joining to other parts by 
welding. ‘They are more expensive than cast iron and take much 


Fie. 6 Cast-STEEL SPIDER 


(This cast-steel spider, carrying a large weight of segmental laminations 

at high angular velocity, is provided with adequate cross section at the 

junction of axial dovetai supports and radial arms. In a welded spider it is 

ditficult at such joints to obtain adequate cross section of weld to resist the 
high centrifugal forces to which the spider is subjected.) 


Fic. 7 LarGe WeELDED-STEEL PULLEY 
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Cast-IRON AND WELDED-STEEL BEDPLATES FOR ELEVATOR Morors 
(Dissimilar in appearance but serving the same purpose.) 


9 Wetprep BeppLate From SHEARED ANGLES WELDED COMPLETE IN ONE PosITION 


(Left: The completed bedplate. 
longer to produce on account of the long oven treatment which is 
an essential part of their manufacture. 

Steel castings such as shown in Fig. 6 are used chiefly for highly 
stressed parts or parts subjected to shock loading, and where a 
high-permeability magnetic material is required or where it is de- 
sired to attach them by welding to other parts of the structure. 
They are more difficult and expensive to make than the other 
ferrous-metal castings for various reasons. They are less re- 
sistant to corrosion but are of high ductility. 

Nonferrous-metal castings are used where light weight is 
required, where corrosion resistance is important, where the ad- 
vantages of die-casting or plastic forming are sought, for bearing 


Center: The sheared angles. Right: Angles mounted in jig with welding completed.) 


surfaces, and for electric or heat conductivity. Welded struc- 
tures have been at such a disadvantage in these fields that they 
have not ordinarily been considered as important competition. 
However, more recent developments in the welding of stainless 
steel have resulted in intrusion of welded structures into the 
light-weight and corrosion-resistant fields previously considered 
as belonging exclusively to nonferrous metals. 


WELpING Versus CastIN@ 


It is, of course, in the fields heretofore considered as belonging 
to ferrous castings that the welded-steel substitute has gained 
most ground and in very many cases important savings may be 
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made by substitution of a carefully considered welded design for 
what would otherwise be a ferrous casting. The welded-steel 
product may be designed to have the strength of the steel casting. 
It will slightly exceed in its rolled-steel members the ductility and 
permeability of the steel casting and where. rolled-steel sections 
may be adapted to the required shape of the structure it may 
easily be designed for a considerable saving in cost. 

Where corrosion resistance is required, where ideal wearing 
surfaces are necessary and where large quantities of irregularly 
shaped parts of the type shown in Fig. 4 must be produced and 
subsequently machined, it will be difficult for the welded steel to 
compete with the cast-iron or semisteel product. However, 
where cast iron has been used for other purposes such as bed- 
plates, sole plates, large machine frames, large pulleys, fly- 
wheels, jigs and fixtures, a healthy competition exists between 
the casting and welding methods of fabrication. This is illus- 
trated in Figs. 7, 8, and 9. When it is possible to reduce the 
structure to an assembly of simple shapes or where equipment is 


Fie. 10 DisstmILak SHApes Usep In A BEpDPLATE Wuicn BECAUSE OF THE SHAPES UsED 
Have a DiIspLeASING APPEARANCE 


available for preforming the parts the advantage will usually 
lie with the welding method. However, in proportion to the ir- 
regularity of the surfaces required expressed in terms of standard 
rolled shapes, often in proportion to the activity of the part and 
inversely proportional to its size, the advantage will lie with the 
casting. 


ANALYSIS OF A WELDED DEsIGN 


In analyzing a particular case where the solution is not ob- 
vious, it is recommended that a casting be designed first and that 
it be designed to secure the greatest efficiency in appearance, 
utility, and cost. Obviously, it will be useless to design a welded 
structure to compete with a poor cast design. The result may 
be a much less efficient welded structure than a competitor’s 
cast design, which may prove serious. Also, it may be pertinent 
to state that it is not safe to assume all existing cast designs are 
efficient designs and therefore safe criteria to use in making 
competing welded designs. There have been many welded de- 
signs made which were cheaper to produce than a replaced cast- 
ing but which in turn could be replaced by a still cheaper cast 
design. 
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Having made the best possible cast design, and ascertained the 
probable cost as produced with foundry equipment consistent 
with the estimated activity of the part, we may proceed with the 
design of the proposed welded substitute. 

The first thing to remember in this connection is that the 
most efficient welded structure will probably be yuite unlike its 
cast counterpart in appearance. Unlike the casting, it is not 
hampered by requirements of section for flow of molten metal 
and to resist or avoid shrinkage stresses, or of shapes to facilitate 
withdrawal of a pattern from the mold. On the other hand, it 
will be hampered by the limitations of standard rolled shapes and 
the necessity of placing welds in such a position and manner as to 
avoid distortion and rupture upon cooling. The pieces of steel 
comprising the assembly should be so chosen and placed that the 
structure will serve some definite function rather than adhere to 
some preconceived appearance. By no means should we under- 
stand that all welded structures are of poor appearance. Skill 
in design should result in a good appearance but it will be at the 
same time an appearance) con- 
sistent with the charactér of 
the rolled shapes available, rather 
than an exact copy of the cast 
shape most desirable for the pur- 
pose. 

The problem of cutting the 
pieces isanimportantone. The 
means available are usually one 
or more of the following: Shear- 
ing, punching, flame-cutting, and 
sawing. Shearing and punching 
are ordinarily the least expen- 
sive. Flame-cutting is the most 
flexible method of shaping steel 
parts for welding and requires 
a minimum of equipment. How- 
ever, it will usually be consider- 
ably more expensive than shear- 
ing or punching, not only be- 
cause of the time consumed in 
the cutting operation, but also 
because the burned edges re- 
quire subsequent cleaning from 
cinders preparatory to welding. 
The cost advantage of shearing 
will result in a preference for 
flats and angles which lend themselves more readily to this 
method of shaping than the more complex shapes such as chan- 
nels, I and H beams. 

The design should be so made that as far as possible all welding 
will be confined to ends and edges of the parts and in such a way 
as to secure symmetrical placement of the welds so that shrink- 
age of one will be balanced by shrinkage of the other, thus tending 
to avoid distortion. The problem of weld shrinkage with danger 
of rupture as well as distortion is a very serious one and it is some- 
times necessary to peen the weld to relieve the stresses set up 
or to anneal the whole structure. In fact, for rotating parts, es- 
pecially those rotating at high speeds, annealing after welding 
is the rule rather than the exception. 

When the structure becomes complex, and often in the case of 
simple structures, it becomes necessary to provide some sort of 
fixture to hold the parts in assembly while welding is taking place. 
Furthermore, the parts must be placed and held in the fixture each 
time one of the structures is made. It is obvious, if all other things 
are equal, the fewer the number of pieces the smaller the cost, be- 
cause of a smaller amount of welding and less time consumed in 
cutting and arranging parts preparatory to welding. 
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This phase of the problem is sometimes modified by the fact 
that when pieces become fewer they usually become larger. 
If the pieces of the larger number are of such size that a man can 
handle them without the aid of a crane and the pieces of the 
smaller number are of such size that a crane must be used in 
placing them, it may prove to be less expensive to use the large 
number of small pieces. 

The cost will be less, all other things being equal, if the design 
is so arranged that all welds may be made without the necessity 
of turning the partially welded structure to another position. 
If two or three crane lifts are necessary in the course of the weld- 
ing operation, the cost will be increased appreciably. This, 
therefore, should be avoided as far as possible. 

In very many cases, it is unnecessary to weld a long seam or 
joint continuously. The character of the rolled-steel parts will 
usually be such that a series of short welds will give 90 per cent of 
the strength of the structure which would be obtained by a con- 
tinuous weld. Also, the shrinkage and distortion encountered 
with the continuous weld will be avoided. In some cases, it will 
be found helpful to weld. a little and permit the weld to cool, 
then weld a little more and cool, thus preventing a great accumu- 
lation of heat and reducing the shrinkage of the parts correspond- 
ingly. 

In welded design there are a number of considerations such as 
those discussed in the preceding paragraphs which, though easily 
overlooked, have a vital bearing on the competitive cost of fabri- 
cation by welding with respect to castings. If they are neglected 
the cost will doubtless be higher than the competitive cast de- 
sign, and if further the criterion of a skillful cast design is not set 
up, the result will be a structure made by distinctly modern 
methods but probably distinctly lacking in economy. 

The same careful attention to details urged in seeking econ- 
omy in producing welded structures will result in avoiding a 
monstrosity in appearance. The easiest thing to produce by 
welding is what is known in the vernacular as a “christmas tree,” 
that is, all kinds of pieces of dissimilar shape attached together in 
one assembly, but having, as far as the eye is concerned, no logical 
relation to each other. The end view of an H or I beam looks 
like an H oran I, respectively. The side view of such beams has a 
concave appearance while the top and bottom are flat surfaces. 
The side of a pipe or round bar has a convex appearance. 
When these dissimilar shapes are used in a welded structure as, 
for example, the bedplate, Fig. 10, they present a displeasing ap- 
pearance because of their lack of uniformity and symmetry. 

Avoid as far as possible placing welds in conspicuous places. 
They are rough and irregular at best. Welds are sometimes filled 
with iron filler and sanded, but this represents additional expense 
and filler will crack off if bruised. Welds made with coated rods 
are in general smoother than those made with bare rods and 
bare-rod welds laid with the automatic welder are smoother than 
hand-laid welds. Avoid exposing rough, burned, or sheared edges. 
Corners formed by the heel of an angle, for example, are more 
pleasing than burned or sheared abutted edges placed in a similar 
relation. 

It may be that the best appearance and the greatest efficiency 
in cost and utility can be obtained by combining the use of 
rolled steel and cast steel in the same structure using welding to 
join not only the pieces of rolled steel together but to join them 
to the casting also. This is very simple when cast steel is used, 
but, because of physical changes which occur in cast iron when 


Fig. 11 Cast-IRoN Frame WITH STEEL Feet WELDED TO Stups 
THREADED INTO THE FRAME 


melted by the welding, it is not nearly as practical to join cast 
iron to steel. It is possible to join these materials by the use of 
certain kinds of bronze welding rods or welding rods of other 
materials which melt and adhere to the surfaces of the parts to be 
joined without the necessity of development of sufficient heat to 
melt the cast iron. The structure of the cast iron is thus not in- 
terferred with and the joint may be made as strong as the cast 
iron itself. Certain difficulties sometimes arise in connection with 
the use of this method, however, on account of accumulation of 
heat resulting in warpage. 

An interesting method of attaching steel to cast iron has been 
used successfully in which the rolled steel member is not welded 
to the cast iron directly but is welded to the projecting ends of 
large steel studs threaded into the body of the cast iron, as shown 
in Fig. 11. No melting of the cast iron takes place. The 
welded joint from stud to rolled-steel member is quickly made by 
the electric arc. The body of the cast iron does not become 
heated appreciably so that warpage is avoided. The welding is 
done by the cheapest conventional method and the union has 
great mechanical strength. 

Sheet steel has been attached to cast iron by instantaneous 
welding in which the mere skin fusion of the cast-iron surface has 
not disturbed the structure of the material or resulted in any 
accumulation of heat which might cause distortion. This, how- 
ever, is a very special process not ordinarily applicable to mis- 
cellaneous welding problems. Indeed, as time goes on the de- 
velopment of special processes in welding is steadily encroaching 
on the casting field in either existing or new designs, but this 
paper has been confined largely to the solution of the more 
usual problems in which the designer is confronted by the 
necessity of choosing between a welding and a casting. 
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Hydraulic-Laboratory Projects of the Corps 
of Engineers, U. S. Army 


By LIEUT. F. H. FALKNER,' VICKSBURG, MISS. 


Probably no other single engineering unit has had the 
privilege in recent years of undertaking a program of ex- 
perimental hydraulics as broad in scope and as extensive 
in application as that carried on by the Engineer Depart- 
ment of the U. S. Army. The breadth of the program, 
involving 303 separate experiments conducted by 41 di- 
vision and district offices scattered over the entire country, 
makes it impossible to deal with specific cases in this 
paper. 

Hence, the purpose of this paper will be to present, in 
broad general outlines, the hydraulic-laboratory work of 
the Corps of Engineers. Specifically, it will touch upon 
the types of field problems subjected to experimental 
analysis, the facilities maintained for this work, and the 
accomplishments of the program. No effort will be made 
to explain the laboratory methods employed, since they 
conform generally with the methods and technique de- 
scribed by L. J. Hooper.’? It is hoped that this paper will 
serve the engineering profession as an index of the facilities 
and sources of experimental data available in the Engineer 
Department of the U. S. Army. 


INTRODUCTION 


INCE various nations have followed different courses in 
the assignment of engineering functions to departments, it 
may be of benefit to visiting engineers to explain the posi- 

tion of the War Department in American engineering. When 
our country first achieved its independence one of the first prob- 
lems confronting its leaders was that of national defense and, in 
particular, defense of our coast line. This task naturally fell to 
the War Department which established a school for engineers 
and artillerists at West Point, N. Y., in 1803. The school 
later became known as the United States Military Academy. 
From this institution came the first organized group of American 
engineers and it fell to their lot to design and construct our first 
harbor defenses. 

; Director, U. S. Waterways Experiment Station, Vicksburg, 
Miss. Lieutenant Falkner was graduated from the U. S. Military 
Academy in 1928 and served with the Third Engineers, Scofield 
barracks, Hawaii, until November, 1930, and then with the Sixth 
Engineers, Fort Lewis, Washington, from November, 1930, to August, 
1931. He entered the University of California in August, 1931, as a 
graduate student in hydraulics, and in May, 1932, became assistant 
to the director of the U. S. Waterways Experiment Station, Vicks- 
burg, Miss. In August, 1932, he entered the student-engineer school 
at Fort Belvoir, Va., and in May, 1933, became assistant director of 
the U. §. Waterways Experiment Station, Vicksburg, Miss. In 
July, 1934, he was appointed to his present position. 

*““American Hydraulic Laboratory Practice,” by L. J. Hooper, 
a A.S.M.E., vol. 58, October, 1936, paper HYD-58-3, p. 


Contributed by the Hydraulic Division and presented at a meeting 
of THe AMERICAN Society of MECHANICAL ENGINEERS, held at 
Niagara Falls, N. Y., September 17-19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understeod as individual expressions of their authors, and not those 
of the Society. 
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It was but a short step to add to the duties of this group the 
task of river and harbor improvements. Since in the early nine- 
teenth century the widely scattered towns and settlements of this 
country had only the crudest overland avenues of communica- 
tion, commercial intercourse depended primarily on water-borne 
transportation. The maintenance of these arteries, therefore, was 
of the greatest importance. Nothing could have been more 
natural than that the development and maintenance of these 
vital waterways should be entrusted to the only well-organized 
group of engineers in the government service. The work of 
administering our rivers and harbors has remained a function of 
the War Department since that time. 

Today the War Department through its Corps of Engineers and 
the Engineer Department, consisting of more than 600 officers 
of the military service and more than 45,000 civilian employees, 
is charged with the improvement works on all our waterways 
for the benefit of navigation. Flood control, channel stabiliza- 
tion, harbor improvement, beach protection works, and related 
subjects of national character also come within the sphere of 
activity of the Engineer Department. 

In 1838 the War Department undertook the first improve- 
ments on the Mississippi river when it was apparent that a sand 
bar threatened to destroy the harbor of St. Louis. A young 
Lieutenant of Engineers by the name of Robert E. Lee, who was 
destined to become the illustrious commander of the Confederate 
forces in the Civil war, was ordered to this assignment. The 
science of open-river regulation had not advanced far in that day, 
but the records show that Lieutenant Lee assiduously applied 
himself to a study of the river currents and field conditions. In 
spite of a paucity of stage and discharge data, his work was well 
done. The regulating works designed and constructed by Lee 
caused the sand bar to move downstream and provided deep 
water to St. Louis harbor. The harbor has remained open to 
this day due to the intelligent and scientific study of the problems 
by this young engineer officer. 

From these early efforts we come to the beginning of the 
twentieth century and find that a more scientific approach to 
hydraulic problems is under way. The year 1903 saw the com- 
pletion of Captain Gaillard’s notable experiments at Duluth on 
the force of waves, with which all engineers who have designed 
breakwaters are familiar. In 1910 experimental hydraulics again 
proved its value in the design of the locks for the Panama Canal. 
The next notable use of laboratory methods was in 1921 when the 
Engineer Department engaged the services of Professor W. C. 
Sadler, of the University of Michigan for extensive model tests 
to determine the proper bow-shape for river boats.‘ 

It was not until 1929, however, that laboratory methods came 
into general use throughout the Engineer Department. With the 
establishment of the U. S. Waterways Experiment Station at 
Vicksburg, Miss., and the hydraulic laboratory of the U. 8. 


3 Wave Action in Relation to Engineering Structures. The 
Engineer School, Fort Belvoir, Va. Printed originally in 1904, re- 
printed in 1935. 

4 Preliminary report H. D. 857, 63rd Cong. 2nd Session; lst 
Supplemental Report in H. D. 108, 67th Cong. 1st Session and 
Report of Chief of Engineers, 1922; 2nd Supplemental Report (not 
printed) June 17, 1929. 


: 
ae 
4 
es 
= 
? 


562 


Engineer suboffice of the St. Paul District at Iowa City, Iowa, 
experimental hydraulics took a great stride forward and became 
an integral part of engineering design methods on all large proj- 
ects. Within the past seven years the various hydraulic labora- 
tories of the Corps of Engineers have undertaken 303 laboratory 
projects covering a wide field of problems. 


CLASSIFICATION OF PROBLEMS STUDIED 


The handling of this volume of experimental work has required 
the establishment of large laboratory facilities, but before de- 
scribing the laboratories in detail, it would be well to examine 
the type of work required of them. A classification of the prob- 
lems submitted for laboratory analysis will illustrate the broad 
scope of the work of the Corps of Engineers and explain why its 
laboratory facilities have been of varying design and at widely 
separated localities. 


TABLE1 CLASSIFICATION OF FIELD PROBLEMS AND EXTENT 
OF PARTICIPATION BY LABORATORIES 


Number of investigations— 


Water- 
ways Uni- 

Experi- ver- Other 

Group ment sity govt. 
no. Designation Sta. labs. labs. Total 
1 Hydraulic features of fixed dams... . 15 17 37 69 
2 iver cenalisation................ 4 4 42 50 
3 Open-river regulation for navigation 44 1 0 45 
4 Flood control. . ee. 38 0 0 38 
5 Coastal harbors and beaches. ee 12 0 22 34 
6 Miscellaneous projects. . ES 51 7 9 67 


TABLE 2 CLASSIFICATION OF LABORATORY PROJECTS 
ACCORDING TO TYPES OF PROBLEMS STUDIED 


Hydraulic features of fixed dams 
(A)  Overfall structures (spillways, stilling basins, bridge piers, aprons, 
baffles, fishways) 
(B) Pressure conduits and power equipment (outlet works, tunnels) 
(C) Seepage studies 
(D) Foundations 
2 River canalization 
(A) Lock design 
(B) Movable-dam design 
(C) Effect of dam on flow conditions (flood backwater and low-water 
navigation) 
(D) Effect of dams on channel configurations (alignment of channel, 
silting) 
3 Open-river regulation for navigation 
(A) By submerged si 
(B) By wing dikes —— and impermeable groins) 
(C) By longitudinal dik 
By bank 
By dredging 
4 Flood control 
(A) By levees and levee realignment 
By channel straightening 
(C) By diversions and outlets 
5 Coastal harbors and beaches 
(A) Improvement of tidal estuaries and harbors for navigation 
(B)  Breakwaters for reduction of wave action 
(C)  Inlets, sandy coasts, and beaches 
Miscellaneous projects 
(4) Improvement of model methods 
(B)  Floating-plant designs 
(C) Wave studies 
(D)  Stream-load studies 
(E) Protection of stream banks 
(F) Earth-embankment studies 
(G) Flow in closed conduits (general) 
(H) Fluid mechanics 
(I) Canal studies 


Laboratory problems may be classified by two general methods: 
First, according to the method of laboratory treatment; and 
second, according to the type of field problem encountered. The 
first method of classification has been discussed in much detail 
so will not be repeated here. The second method of classifica- 
tion will be followed in this paper, primarily for the purpose of 
showing the types of problems with which the Corps of Engineers 
is principally concerned. 

The problems subjected to laboratory treatment by the Corps 
of Engineers may be broadly grouped under the six general 
headings listed in Table 1. European practice generally provides 
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a separate classification for canals. The number of such in- 
vestigations by the War Department, however, does not justify 
this classification in this paper and these problems are grouped in 
Table 1 under miscellaneous projects. A better representation of 
the various laboratory projects can be obtained by subdividing 
each of the general classifications as shown in Table 2 


TABLE 3 SOILS LABORATORIES? 


Laboratory 


(Engineers district Date Type of projects 
or division) Location estab. investigated 
U. 8. Waterways Vicksburg, Miss. 1931 Seepage studies. Stand- 
Experiment Station ard soil analyses 
(soils lab.) 
(L. M. V. 
Soils laboratory Vicksburg, Miss. 1931 Seepage studies. Stand- 
(Vicksburg Dist.) ard soils analyses 


Fort Peck laboratory Fort Peck, Mont. 1933 Earth-dam model cross- 
sections, and a model 
dam. Gelatin models to 
study stress patterns 
Standard soils analyses 


Soils laboratory Zanesville, Ohio 1934 Seepage studies of dams 
(Zanesville Dist.) and study of possihitity 
of piping in embankment 


of foundations of dams. 
Seepage studies of levees. 
Standard soils analyses 


Soils-mechanics lab. Memphis, Tenn. 1935 Subsurface studies for 

(Memphis Dist.) levees and earth-fil] 
dams. Standard soils 
analyses 

Soils laboratory Eastport, Me. 1935 Seepage studies. Stress 

(Eastport Dist.) and settlement studies of 
rock-fill dams on plastic 
foundations. Standard 
soils analyses 

Soils-mechanics lab. Conchas dam, 1936 Model tests of dike sec- 

(Tucumeari Dist.) N. M. tions. Standard soils 
analyses 

Denison-soils lab. Denison, Texas 1936 Seepage studies. Stand- 


ard soils analyses 
® Listed in order of date of establishment. 
6 Lower Mississippi Valley Division. 


TABLE 4 TEMPORARY HYDRAULIC LABORATORIES* 
Laboratory 


(Engineer district : When —Projects investigated 

or division) Location used Type No 

Fort Mifflin Fort Mifflin, Pa. 1921 Tidal models to 2 
(Philadelphia Dist.) and study channel im- 


1928 provements for 
navigation 
Bonnet Carre spill- At site of Bonnet 1928 Spillway model 1 
way hydraulic lab. Carre spillway 
(2nd New Orleans 


dist.) 
lst New Orleans Burwood, La. 1930 River model for 1 
Dist. channel improve- 


ment (Head of 


‘asses ) 
2nd New Orleans Government fleet, 1932 Towboat stability 1 
tests 


Dist. New Orleans, La. 

Gasconade boatyard Government boat- 1934 8 illway models 2 

(Missouri River Di- yard, Gasconade, (for Fort Peck 

sion) Mo. dam) 

Dry dock (Louisville Louisville and Port- 1934 Model tests to 1 

Dist.) land Canal, Louis- determine a 
ville, Ky. method of elimi- 


mating scour be 
low bear-trap sec- 
tion of dams 
Hydraulic laboratory Postal Telegraph 1935- Models of tunnel 2 
(Missouri River Di-  bldg., Kansas City, 1936 and control tow- 
sion) Mo. ers, and of tunnel 
outlet works (for 
Fort Peck dam) 
Mobile Dist. Spring Hill, Ala. 1935 Investigation of 1 
cross currents 
channels 


a Listed in order of date of establishment. 


The classification in Table 2 shows the extent of the work under- 
taken in the laboratories of the Corps of Engineers, and reveals 
the reasons for utilizing existing university laboratories. 4 
complete list of all these projects will be found in the Appendix. 
That these problems are encountered on waterways ranging from 
the Atlantic to the Pacific Oceans and from Canada to Mexico 
further explains the division of laboratory effort among widely 
scattered institutions. The emergency work of the past fe* 
years frequently has required laboratory facilities near the sité 
of the work. The services of existing laboratories have bee® 
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Laboratory 
(Engineer district 
or division) 
U. S. Waterways Ex- 
riment Station (L. 
¥. 


U. S. Engr. Suboffice 
(St. Paul District) 


Caisson plant (Mil- 


waukee District) 


U. 8. Beach-FErosion 
Board wave tank 


Linnton Hydraulic Lab- 
oratory (2nd Portland 
Dist.) 


U.S. Tidal Model Labo- 
ratory (N. Pacific Di- 
vision) 


TABLE 5 PERMANENT HYDRAULIC LABORATORIES? 
Capacity, 


Location 
Vicksburg, Miss. 


Hydraulic Laboratory, 
Iowa City, Iowa 


Milwaukee harbor, 
Wis., off McKinley 
beach 

Ft. Belvoir, Va. 


Government moorings, 
Portland, Oreg. 


Univ. of California, 
Berkeley, Calif. 


Date 


estab. projects 


1929 


1929 


1931 


1932 


1934 


1934 


no. 


30 


to 


HYDRAULICS 


Type 
Flood-control studies 
open-river navigation 
projects, canalization 
projects, hydraulic fea- 
tures of fixed dams, 
tidal and wave-action 
studies for harbors and 
inlets 
Fixed and movable-bed 
river models, fixed spill- 
ways, movable-crest 
spillways, percolation 
rates and paths, lock 
hydraulic systems, silt 
movement, pile founda- 
tions 
Various types of break- 
water construction and 
wave action 
General investigation 
of the movement of 
sand under the action of 
tides and waves, gen- 
eral study of waves, 
study of the effect of 
protective works on 
sand movement 
Investigations by 
means of models of 
river, spillway, and 
other details of Bonne- 
ville dam, to determine 
best designs 
Bed - load movement, 
effect of existing and 
proposed structures in 
tidal channels, and en- 
ergy required for 
pumping various sands 


Projects investigated — ~ 


No. 
181 


46 


5 principal models 
have been built. All 
pertain to Bonneville 
dam project 
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standardized and consists of 
long, narrow flumes for the study 
of seepage lines through earth 
models of levees and dams, in 
addition to the usual equip- 
ment for soils-mechanics tests. 
The Fort Peck and Zanesville 
laboratories are unique in the 
use of gelatin models and photo- 
elastic methods for the study 
of stress patterns. Fig. 1 shows 
one of the test flumes at the 
Zanesville laboratory. Fig. 2 
shows the interior of the Mem- 
phis soils laboratory. Fig. 3 
shows test dam No. 1 built by 
the soils laboratory at Tucum- 
cari, N. M. Figs. 4 and 5 are 
views of the soils laboratory at 
the Passamaquoddy tidal-water 
project in Maine. 
Temporary Hypravtic Laso- 
RATORIBS 

Each of the eight temporary 
laboratories listed in Table 4 
was established for the study of a 


* Listed in order of date of establishment. 


engaged or new laboratories been established as the occasion 
demanded. Because of the diverse character of the problems en- 
countered and the frequent need for proximity of facilities, 
the nature of those facilities will be discussed. 


INDEPENDENT UNIVERSITY LABORATORIES 


It may have been noted in Table 1 that a total of 29 laboratory 
investigations have been submitted to university laboratories. 
These tests have been conducted at the Massachusetts Institute 
of Technology by Prof. K. C. Reynolds, at the Alden hydraulic 
laboratory of Worcester Polytechnic Institute by Prof. C. M. 
Allen, at the Carnegie Institute of Technology by Prof. H. A. 
Thomas, at the Case School of Applied Science by Prof. G. E. 
Barnes, and at the University of Michigan by Prof. H. W. King. 
The ability of their personnel and their proximity to important 
projects of the Corps of Engineers are primarily responsible for 
the selection of these laboratories. These laboratories are 
entirely independent of the Corps of Engineers and will not be 
described. 


LABORATORIES OF THE CORPS OF ENGINEERS 


Of the 14 hydraulic laboratories established by the Corps of 
Engineers only six may be designated as permanent units. In 
addition to these distinctly hydraulic laboratories, eight soils 
mechanics laboratories, the functions of which are closely related 
to hydraulic investigations, have been established. Table 3 
lists the soils laboratories, while Tables 4 and 5 distinguish be- 
tween temporary and permanent hydraulic laboratories. 


Sorts LABORATORIES 


While a large portion of the work of most of the soils labora- 
tories listed in Table 3 is not related directly to hydraulic-engi- 
heering work, all of these laboratories are engaged in seepage 
studies which fall in the classification of “hydraulic features of 
fixed dams.” The equipment of these laboratories is fairly well 


single problem. Three of these 
made use of a level outdoor 
space and a fourth was installed 
in the basement of a large office building. The other four made 
ingenious use of equipment designed for other purposes. The 


Fie. 1 A Test FLUME aT THE ZANESVILLE LABORATORY, 


ZANESVILLE, OHIO 


Fic. 2. THe Sorts LABORATORY, MEMPHIS, TENN. 
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Test Dam No. 1 Constructep BY Soits LABORATORY, 
Tucumcar!, N. M. 


Fic. 4 TasLe FoR MopEL Stupy oF SETTLEMENT CHARACTERISTICS 
oF PROPOSED STRUCTURES OF Division No. 1 AT THE PASSAMAQUODDY 
Tripat-WaTER ProJect In MAINE 


Fic. 5 FiLumMe vor SEeraGe STUDIES IN THE Soits LABORATORY AT 


THE PassaMaQquoppy TipaL-WaTeR Prosect IN MAINE 


Louisville District installed a model in a dry dock not in use and 
took advantage of the dry-dock flooding system for water supply. 
New Orleans built its tow-boat models on an idle river barge. 
Mobile constructed its model directly in the bed of a natural 
stream and diverted the water supply through the structure. 
The most elaborate arrangement of all was used by the Missouri 
River Division for its model of the Fort Peck spillway. Since 
the model required up to 82 cfs of water, a 36-in. dredge was tied 
up to the bank to supply water directly from the Missouri River. 


The huge spillway model and its unusual water-supply system are 
shown in Fig. 6. 


PERMANENT HypRAULIC LABORATORIES 


U. S. Tidal-Model Laboratory, Berkeley, Calif. This labors- 
tory, established in 1934 at the University of California by th: 
North Pacific Division, is shown in Fig. 7 and consists essentiall) 
of a model basin 38 by 58 ft in plan with an elaborate piping sys- 
tem permitting water supply from all sides of the basin. Prot 
M. P. O’Brien, consulting engineer in charge, has developed » 
very accurate tide mechanism consisting of rotating concentric 
cylinders with variable port openings for regulating the rate o 


Fic. 6 Peck Sprtupway Mover, Gasconapde, Mo. 


U.S. Move. Lanoratrory, BERKELEY, CALIF. 


Fic. 7 


Fic. 8 Correrpam Mopev ror BONNEVILLE Dam AT THE LINNTON 
LABORATORY 
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water supply according to the time scale of the tidal cycle. The 
addition of a flume 3 ft in width permits this laboratory to carry 
on two projects concurrently. To date it has undertaken nine 
investigations. ‘The laboratory is designed primarily to study 
currents and sand movements in tidal estuaries. 

Linnton Hydraulic Laboratory, Portland, Oreg. This laboratory, 
established in 1934 by the Second Portland District, has con- 
structed five principal models. All models pertain to the Bonne- 
ville dam project; one of these is shown in Fig. 8. The laboratory 
can carry on three projects simultaneously, and is concerned with 
problems of river canalization, cofferdam design, spillway design, 
and related subjects. 


U. S. Beach-Erosion Board Wave Tank. A 16 X 22-ft wave 


tank is housed at Fort Belvoir, Va. A permanent staff of three 
engineers carries on a continuous program of general research on 
the movement of sand under the action of tides and waves. 
The main features of the program of this laboratory are funda- 
mental research on wave forms; effect of height, frequency, and 
length of waves on sand beaches; and the action of inlets on sandy 
coasts. Nine general studies have been completed since the start 
of work in 1932. 

Caisson Plant, Milwaukee Harbor, Wis. In 1931 the district 
engineer at Milwaukee established this laboratory for the purpose 
of continuing the work which Captain Gaillard discontinued in 
1903. A large wave tank 40 ft long, 6 ft deep, and 8 ft wide has 
heen used for four projects thus far. The laboratory can handle 
but one project at a time and has directed its program toward 
the solution of breakwater design, research on wave pressures, 
and the dissipation of wave energy. Laboratory work has been 
supplemented by full-scale field measurements on the north 
breakwater at Milwaukee. 

Hydraulic Laboratory of the U. S. Engineer Suboffice, St. Paul, 
Ihstrict. This laboratory, the facilities of which are owned by 
the Iowa Institute of Hydraulic Research and are used on a rental 
basis by the St. Paul District, is located at lowa City, Iowa, on 
the bank of the Iowa River just downstream from a low-head 
dam. 

The lake created by the dam supplies water to a 10 X 10-ft 
concrete channel approximately 300 ft long which extends from 
the end of the dam to and beneath the laboratory building. It 
also supplies a second channel 16 ft wide located beneath the 
building and connected to the intake at the dam by a 48-in. steel 
pipe. 

The laboratory building, shown in Fig. 9, has a central tower 
section which is approximately 45 ft square and five stories high. 
The two end wings are approximately 25 ft and 30 ft wide, re- 
spectively and 60 ft long. Beneath the first floor and above 
the concrete channels are located pump rooms, carpenter shop, 
tool room, and volumetric-measuring basins. City water is used 
in the circulating systems. Provision has been made for approxi- 
mately 25 cfs pumping capacity. 

The first two floors of the building are devoted entirely to 
model testing. The fixed equipment on these floors includes two 
glass-sided flumes, two 20,000-lb weighing tanks, two shallow 
steel tanks, and one orifice tank for classroom instruction. The 
third floor contains classrooms, storerooms, machine and car- 
penter shops, and two constant-head tanks. The fourth and 
fifth floors contain offices, a library, and a drafting room. An annex 
to the laboratory provides space for large river-channel models. 

These facilities are all available to the Engineer Department 
and the work carried on here is greatly facilitated by consultation 
with the able staff of the Iowa Institute of Hydraulic Research. 

U. S. Waterways Experiment Station, Vicksburg, Miss. The 
U.S. Waterways Experiment Station is located on a federal reser- 
vation containing 245 acres. ‘Two artificial lakes constitute the 
Source of water supply for most of the studies. The principal 


Fic. 9 Iowa InstrruTe or Hyprautic ReseEARCH, AND LOCATION 
or Hyprautic LABORATORY OF THE U. S. ENGINEER SUBOFFICE 
OF THE St. District 


Fic. 10 U. S. Warverways Station, VICKSBURG, 
Miss. 


Fig. 11 Pumprne Unit No. 5 at THE U. S. WaTEeRWAyYsS 
EXPERIMENT STATION 


building at the station contains a large experiment hall, offices, 
and a photographie laboratory. Auxiliary buildings contain a 
soils laboratory, various shop facilities, and warehouses. A 
general view of the station is shown in Fig. 10. 

Model studies are conducted both inside the experiment hall 
and on the 35 acres of outdoor experiment fields. Some of the 
latter models have temporary shelters. 

Fixed equipment inside the experiment hall includes volumetric 
measuring tanks, velocity-meter calibrating equipment, and four 
flumes of the following dimensions: A steel flume 3.5 X 3 & 165 
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ft with glass side panels; a tilting glass-sided flume 1 X 2 X 26 
ft; a tilting concrete-lined flume 2.3 X 1.3 X 48 ft; anda wooden 
flume 8.5 X 6 X 58 ft. Each flume is equipped with a measuring 
weir, and is supplied with water from pumping units. The large 
wooden flume is well suited for studies of spillways and stilling 
basins. 

Water from the larger lake is supplied from two 20-in. gravity 
ines, each of 20 cfs capacity, and a 7-ft gravity line, the capacity 
- of which for short infrequent periods is 700 cfs. The supply 
from the lake is supplemented by five pumping units, the capaci- 


Fie. 12 Concnas Dam SHowInG DENTATED BUCKET AND 
SusppaM PRELIMINARY DESIGN 


Fic. 13 Concuas Dam Mope.t SHowine Finat Design WITH 
HorizontTauL APRON, BAFFLES, AND END SILL 


ties of which are 7, 7, 10, 31, and 15 cfs, respectively, or a total of 
70 cfs. The smaller lake is used as a reservoir for one of the pump- 
ing units, and is supplied from the large lake by a booster unit. 
Fig. 11 shows the 15-cfs pumping unit. 

The personnel of the station varies from 200 to 400 persons 
depending on the volume of work. Of this number, about half 
are in the experiment section and soils laboratory, and the re- 
mainder are in the administration and general service sections. 

The personnel and equipment at the station are sufficient to 
carry on simultaneously from 20 to 25 active hydraulic model 
studies. In addition, the soils laboratory can conduct simul- 
taneously several problems connected with soil mechanics. 


Resutts or Mopeu TrEsts 


The results of the experimental program conducted by these 
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laboratories can be best illustrated by the selection of a typical 
problem from each of the six groups of the general classification. 
In the selection of these six examples the author has been 
prompted to take all of them from the work of the U. 8. Water- 
ways Experiment Station in order to avoid discussing problems 
executed under another’s direction. The Vicksburg institution 
bas taken the lead in the field of flood control and open-river 
regulations and has a preponderance of projects in the miscellane- 
ous classification, whereas other government laboratories have 
undertaken more work in the fields of river canalization, hydraulic 
features of fixed dams, and coastal harbors and beaches. In 
these latter groups there are numerous experiments equally if 
not more noteworthy than the ones selected from the Vicksburg 
experience. An Appendix listing all laboratory projects of the 
Corps of Engineers together with the name of the laboratory and 
the office requesting the study is given at the end of this paper. 
Examination of this Appendix will show the extent of participa- 
tion of each laboratory in any particular field of investigation. 


HypRav.ic oF Frixep Dams 


Conchas Dam Stilling-Basin Model. The Conchas dam stilling- 
basin model was constructed in order to check a proposed design 
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Fic. 14. Upstream View or Starvep Rock Lock anp Dam, 
River. CorrerpaAM ReMmMovep SHOWING 
SHOALING IN ENTRANCE TO LocK 


for destroying the excess energy at the toe of the 215-ft high over- 
flow spillway of Conchas dam, near Tucumeari, N. M. 

The features of this design shown in Fig. 12 were almost identi- 
cal to that of the Tygart dam stilling basin, since the hydraulic 
characteristics of the Conchas dam are similar with one excepticn 
—height of tailwater. There was every reasonable expectation 
that the Tygart plan of a dentated drop-off bucket and sub- 
dam would be applicable. 

The model indicated, however, that the design was not suited 
to the peculiarities of the site. A total of 294 tests on several 
different stilling-basin designs prepared by the Tucumcari Dis- 
trict led to the adoption of an entirely different type of stilling 
basin, which is shown in Fig. 13. This modification resulted in 
a reduction of the estimated cost by about $625,000. 


River CANALIZATION 


The Starved Rock Lock and Dam, Illinois River. The Starved 
Rock lock and dam, shown in Fig. 14, located approximately 1 
mile above Utica, Ill., forms an integral part of the plan for im- 
proving the Illinois River. After the construction of the structure 
was completed, the channel below the downstream end of the 
lock shoaled. Dredging was required at intervals to maintain 
project dimensions. 
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In 1932, authority was granted for a model study of this 
problem. It was desired, in general, to determine (a) the cause 
of the shoaling and the means of preventing same; (b) whether 
an existing cofferdam wall, located below the lock should be re- 
moved or retained, also whether a more permeable structure 
should be constructed to replace the cofferdam; (c) the most 
suitable method of operating the Taintor gates; (d) successive 
shore lines, and areas of shoaling, when the two islands immedi- 
ately below the dam were allowed to erode. 

The model tests indicated that the shoaling between the coffer- 
dam and the guide wall could be prevented by closing a breach at 
the upper end of the cofferdam. This closure was effected in the 
prototype and no shoaling has occurred there for the past four 
years. 

Shoaling below the cofferdam was found to be caused princi- 
pally by material eroded from the sides of two islands below the 
dam. The model indicated that this erosion would gradually 
diminish and the shoaling abate if the Taintor gates were all 
opened equal amounts. Tests also showed that the most unde- 
sirable method of operating the Taintor gates was to pass the 


Fie. 15 Upstream View or St. River 


entire discharge through the two gates nearest the lock. Under 
this condition the model indicated that a half of Leopold Island 
would be washed away and excessive shoaling of the navigation 
channel might be expected. Unfortunately during the winter of 
1934-1935 all Taintor gates were frozen solid except the two 
nearest the lock. Flood waters required that they be opened and 
surveys of February and March, 1935, disclosed how deadly 
accurate the model bad been. Up to that time negligible shoaling 
had occurred, but the 1935 surveys showed half of Leopold 
Island gone and the channel badly shoaled. The model had 
pointed the way, but nature prevented proper execution of the 
plan. The situation has since been remedied. 


River REGULATION 


Improvement of the St. Clair River by Sills. For some years 
past, there has been a slight but perceptible lowering of the levels 
of Lakes Michigan and Huron. Since one of the principal factors 
limiting present navigation on the Great Lakes is the depth of 
harbors, this decrease in lake level is a cause of much concern to 
the shipping interests of this region. Therefore, two models of 
the St. Clair River were constructed to determine the backwater 
effects of submerged sills in the river as a means of increasing 
depths in Lake Huron. The combination of number, type, and 
location of sills necessary to produce 0.54 ft backwater was to be 
determined along with the effects of the sills on the distribution of 
velocities in the river channel. Tests were first made in a steel 
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Fie. 16 AgrtaL View or Mopg. or Lower Mississippi VALLEY 


flume to determine comparative effects from sills of different cross- 
sections. A fixed-bed model with a vertical scale of 1:30 and a 
horizontal scale of 1:100 was next used for investigations, after 
which a second model, undistorted, to a scale of 1:100 was con- 
structed. This model is shown in Fig. 15. The indications from 
the investigations were that it is possible to secure the desired 
rise in the level of Lake Huron by use of sills at the proposed loca- 
tions, but that it is necessary to use sills of different cross sections 
from those proposed in order to obtain the desired effects, and 
that alternative locations for sills in the same reach of the river 
may be used. 

The most important feature of this investigation was the 
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experimental data concerning the shape of the sills. By varying 
the cross section of a sill it was found possible to increase or 
decrease its efficiency in creating backwater by as much as 100 
per cent. The slope of the upstream face was found most impor- 


Vig. 17 
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Looxinc SourH From VICKSBURG ON THE MISSISSIPPI 
Mopet SHOWING THE Main CHANNEL, RED RIVER 
BACKWATER, AND THE ATCHAFALAYA BASIN 


Fig. 18 or Port WasHINGTON, 


tant while the downstream slope appeared to have negligible effect 
within a limited range. These studies resulted in a radical change 
of design for the sills. 


FLoop ConTROL 


Mississippi River, Helena, Ark. to Donaldsonville, La. The 
model constructed to study the general features of the flood-con- 
trol plans for the lower Mississippi Valley is by far the most 
ambitious laboratory investigation of the Corps of Engineers. 
The model, shown in Fig. 16, includes the entire overflow area of 
the alluvial plain of the Mississippi south of Helena, Ark. It 
includes 602 miles of the main river, its five principal tributaries, 
all backwater areas, and the entire Atchafalaya Basin to the 
Gulf of Mexico; a total area of 16,000 sq miles. The model 
itself is 1100 ft long. A close-up of part of the structure is shown 
in Fig. 17. 

In operation, 42 engineers attend the 17 water-supply lines and 

‘ad the 210 gages. Flood years are represented on time schedule, 
the daily changes in discharge of each stream being made by the 
operators, and river gages being read daily. The form, height, 
and time of travel of the flood waves are recorded, and the routing 
of the flood waters through the intricate system of channels and 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


reservoirs is carefully checked. Three known floods of varying 
magnitude have been reproduced faithfully and the accuracy of 
the model has been established. 

Four studies have been undertaken in the past year. These 
involved (1) determining the efficiency of the cutoffs as they 
existed in 1935, (2) tracing the change in channel capacity in a 
restricted reach, (3) studies of the effect of future cutoff develop- 
ments in the main channel, and (4) flood routing through the 


Fig. 19 DiscHarGe From DrepGe JADWIN THROUGH 32-IN. PLAIN 
Pire at a Pump Sperep or 150 Rem. MEasuREMENTS SHOWED 
13.3 Per Cent Souips 


Fic. 20 Discuarce From Drepce Japwin TuHroves a 32-IN. 
Typr-12 Rirrtep DiscHarGe at A Pump Speep or 150 Rem. 
MEASUREMENTS SHOWED 18.1 Per CENT So.ips 


Atchafalaya Basin with various designs of diversion outlets. 
The studies at present are for the purpose of determining the 
extent and sequence of work required for handling the 1927 flood 
and the project superflood. 


CoastaL HARBORS 


The Port Washington Model. In December, 1934, the con- 
struction of a new north breakwater was completed in Lake 
Michigan at Port Washington Harbor, Wis. Subsequent storms 
indicated that the breakwater was not effective in reducing 
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HYDRAULICS 


the wave heights within the basin and slips, and it was proposed 
to build an extension to the south breakwater at a cost of about 
$200,000, in an effort to reduce the wave heights within the 
harbor. 

Before beginning construction of the proposed breakwater, 
the problem was submitted to the U. S. Waterways Experiment 
Station for investigation by means of a hydraulic model. The 
specific purpose of the model study was to determine the degree 
of closure of the entrance necessary in order to effectively still 
the harbor. The district engineer defined 300 ft as being the 
minimum allowable width at the entrance. 

The model shown in Fig. 18 was constructed to an undistorted 
scale of 1:50 and a wave machine was constructed which could 
be shifted to produce waves from several different directions. 
The results of the model study showed that the construction of 
the proposed south breakwater would not noticeably reduce the 
waves when subjected to easterly storms. A more efficacious 
construction was found to be the placing of riprap cribs at points 
of wave reflections in the inner harbor; these cribs absorbed the 
energy in the wave forms and greatly reduced their height. 


MISCELLANEOUS PROJECTS 


Experiment With Pipe-Line Mizers. An outstanding study 
among the various investigations which have been made that. 
fail to fall under any general classification is the experiment with 
pipe-line mixers. The problem deals with the transportation of 
solids through the discharge lines of hydraulic dredges and a 
method to increase the percentage of solids that can be passed 
for the same power. While the idea of mixing the material to 
prevent all the solids from moving on the bottom is not new, hav- 
ing been tried by the Memphis Engineer District with a dia- 
metrical warped plate in 1912, this is the first instance that rifles 
have been used for mixing. The present study is only for dredges 
pumping sand. The apparatus for the investigations consists of 
a circulating system in which the per cent of solids can be varied 
at will and a 4-in. test line in which the different designs of mixers 
are installed. The investigations deal with height, length, pitch, 
and spacing of the rifles in the line. At the present time 20 
different designs have been investigated at the laboratory and 
one of these has been tested in the field. Although somewhat 
impractieal for field installation, the mixer tested by the Memphis 
Engineer District early in June, 1936, showed an increase in ma- 
terial carried of 45 per cent over plain pipe. The present aim of 
the study, now that it has been found that the mixers will prove 
satisfactory, is to develop a section that can be easily handled in 
the field. Field and laboratory tests are being energetically 
pursued and it is expected that dredging operations in 1937 
will exhibit a marked increase in efficiency. Figs. 19 and 20 
illustrate what has already been accomplished. 


GENERAL CONCLUSIONS 


Since the laboratory work of the Corps of Engineers has been 
confined to the investigation of particular structures of waterways 
the results of the program cannot readily be analyzed with a view 
to correcting or improving the fundamental concepts of hy- 
draulics. Although few new theories of hydraulics have been 
brought forth, and the basic laws of hydraulics and of hydraulic 
similitude have not been greatly clarified by this experimental 
program, the work has added a considerable quantity of experi- 
mental data to our fund of knowledge. The experiments have 
covered a great number of specific problems which may again 
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arise, and a review of the experiments in a particular field may 
supply needed data for future problems. During the past year 
the U. S. Waterways Experiment Station has had several cases 
in which data from previous tests could be applied. In these 
cases recourse to model experiments was unnecessary and the cost 
thereof was eliminated. While this has been accomplished in a 
few cases, it is obvious that the 303 investigations do not begin 
to cover all the special cases which nature presents to the hy- 
draulic engineer. Many of these investigations are extremely 
limited in application and have only partially solved the par- 
ticular phenomenon under study. As long as our mathematical 
analyses of hydraulic problems (and in particular of such phe- 
nomena as bed-load movement, sedimentation, causes of crosscur- 
rents, turbulences, and backwater) remain as inaccurate and 
incomplete as they are today, recourse to hydraulic model ex- 
perimentation will be essential to hydraulic engineers. 

It was stated that no general research work was done by the 
War Department. There are two exceptions to this statement. 
The personnel of the beach-erosion board wave tank have spent 
four years studying wave forms and the effects of tides and waves 
upon sandy beaches. The program is progressing rapidly and 
although knowledge of beach actions is being gained, proper sub- 
stantiation of their findings is yet needed before publication of 
the results. The second exception is the program of experi- 
ments undertaken at the U. S. Waterways Experiment Station 
for the improvement of model methods and technique. The out- 
standing achievements of this latter program may be grouped as 
follows: 


(a) The application of low-specific-gravity materials to use as 
bed load and sediment in movable-bed models. This develop- 
ment has broadened the field of application of model methods. 

(b) A better understanding of the limitations of geometric 
distortion in models and a resultant increase in accuracy of model 
design methods. 

(c) The improvement of equipment for generating tides and 
waves and for measuring velocities. (This work is being carried 
on at all permanent laboratories of the Corps of Engineers.) 


The experience of the past seven years points to the following 
general conclusions regarding the laboratory projects of the Corps 
of Engineers: 


1 Having undertaken over 300 iaboratory investigations, the 
Corps of Engineers possesses a large fund of experimental data 
which may be applied to future problems. 

2 The application of experimental hydraulics will be essential 
to hydraulic problems until such time as a more complete mathe- 
matical treatment of hydraulics is developed. 

3 The reliability of a model study will be in direct proportion 
to (a) the accuracy of the field data, (b) the ability of the experi- 
menter and his knowledge of model limitations, and (c) the degree 
of coordination between field and laboratory and the knowledge of 
field and laboratory engineers concerning prototype phenomena. 

4 Research work is continually improving model methods and 
technique and has already improved model accuracy and broad- 
ened the scope of model application. 

5 Hydraulic model studies almost without exception pay large 
dividends by warning against unsafe practices or by pointing 
the way to improved designs. 

6 No important improvement of waterways should ever be 
constructed without at least a thorough knowledge of laboratory 
experiments in the particular field, and in most cases model 
experimentation will be necessary. 


—) 
$ 
q 
] 
| 


Appendix 


1 Hyprauuic Features oF Frxep Dams 


(A) 


Name of study 
Ogee spillway tests® 


Sand dams® 


Mississippi lock and 
dam No. 7 (Onalaska 
spillway)? 
Spillway model 
Bonneville dam® 
Diffusing chamber 
Bonneville dam® 

Mill Creek diversion 

Bonnet Carre spillway 


Tygart River dam® 
Bluestone dam, New 
River 

Fort Peck spillway‘ 


Outlet works and spill- 
way of Dover dam’ 
Outlet works and spill- 
way of Mohicanville 
dam‘ 

Outlet works and still- 
ing basin of Clenden- 
ing dam’ 

Outlet works of Dover 
dam? 

Outlet works of Mo- 
hawk dam? 

Outlet works of Sene- 
caville dam? 

Outlet works of Pied- 
mont dam? 

Outlet works of Wills 
Creek dam? 

Outlet works of ‘Tap- 
pan dam’ 
Outlet works of 
Charles Mill dam’? 


Spillways St. Lucie 
Canal, Florida 
Spillways St. Lucie 


Canal, Florida, rede- 
sign® 
Conchas dam stilling 
basin 
Brown Lake spillway 


Effects of overflow on 


Overfall structures 


Office authorizing 
study 


Rock Island Dist. 
St. Paul Dist. 


St. Paul Dist. 


2nd Portland Dist. 
2nd Portland Dist. 
2nd Portland Dist. 
Orleans 


2nd New 


Dist. 

Pittsburgh Dist. 
Huntington Dist. 
Board of Consulting 
Engineers for Fort 
Peck dam 

Zanesville Dist. 


Zanesville Dist. 


Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 
Gulf of Mex. Div. 


Gulf of Mex. Div. 


Tucumcari Dist. 


Lower Miss. Valley 
Div. 
Lower Miss. Valley 


railroad embankments’ Div. 


(B) 


Norris dam diversion 
tunnels, Clinch River 
Tenn. 

Mississippi lock and 
dam No. 7 Onaiaska 
spillway’ 
Filling 


gate tests, 


tunnels) 
Chattanooga Dist 


St. Paul Dist. 


Eastport. Dist. 


(spillways, stilling basins, bridge-piers, 
aprons, baffles, fishways) 


Where conducted 


U.S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
Iowa City, Iowa 
U. 8S. Engr. suboffice, 
Iowa City, Iowa 


Linnton hydraulic 
laboratory 
Linnton hydraulic 
laboratory 
Linnton hydraulic 
laboratory 


Laboratory located at 
site of spillway 
Carnegie Tech. 
Carnegie Tech. 


Gov't Boatyard at 
Gasconade, Mo. 


Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School: of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

Case School of Ap- 
plied Science 

U. S. Waterways 
Expt. Sta. 

U. S. Waterways 
Expt. Sta. 

U. Waterways 
Expt. Sta. 

U. S. Waterways 
Expt. Sta. 

U. 3S. Waterways 
Expt. Sta. 


Pressure conduits (outlet works, power equipment 


U. S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


Alden hydraulic lab. 


§ This tabulation of laboratory projects undertaken by the Corps of 
Engineers, U. S. Army, does not include three relief-map projects 


or 15 miscellaneous soil investigations of minor character. 


See 


Tables i and 2 for classification of projects and total number in each 
classification. Reports on many of these projects are available from 
the district authorizing the study. Inquiries should be addressed to 
the attention of the respective district engineers. 

6 Report on study is complete. 


7 Listed under more than one heading. 


Name of study 
Passamaquoddy tidal- 
power project® 
Cavitation resistance 
tests, Passamaquoddy 
tidal-power project 
Materials-corrosion 
investigation of met- 
als in sea water for 
Passamaquoddy tidal- 
power project 
Model study for deter- 
mination of casing and 
draft-tube design Pas- 
samaquoddy tidal- 
power project’ 

Fort Peck diversion 
tunnels® 

Conduits for Madden 
dam 

Outlet works of Mo- 
hawk 

Outlet works and spill- 
way of Dover dam® 
Outlet works and still- 
ing basin of Clenden- 
ing dam® 

Outlet works of Sene- 
caville dam® 

Outlet works of Boli- 
var damé 

Outlet works of Pleas- 
ant Hill dam® 

Outlet works and still- 
ing basin of the Pied- 
mont 

Outlet works and spill- 
way of the Mohican- 
ville dam® 

Outlet works of Wills 
Creek dam® 

Outlet works of Tap- 
pan 

Outlet works of 
Charles Mill 


Sand-dike tests 
Weep hoies 


Bolivar model study 
Mohawk model study 
Beach City model 
study ® 

Atwood model study® 
Wills Creek model 
study® 
Mogadore 
study 
Cowan Creek model 
study 

Nimisila model study® 
Magnolia levee model 
study® 
Sandyville 
model study 
8 Earth dam model 
sections 

Foundation model 
tests Conchas dam 
Small-scale models of 
impervious core ma- 
terials Conchas dam 
Model tests of design 
sections Conchas dam 
Sardis dam—2 models 
Efficacy of sublevees 
and berms for control 
of seepage® 
Investigation and sug- 


model 


levee 
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Office authorizing 
study 


Eastport Dist. 


Eastport Dist. 


Eastport Dist. 


Missouri River Div. 


Office, Chief of 


Engrs. 
Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 

(C) Seepage Studies 
St. Paul Dist. 

St. Paul Dist. 
Zanesville Dist. 
Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist 
Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Ft. Peck Dist. 

Tucumeari Dist. 
Tucumcari Dist. 
Tucumcari Dist. 
Vicksburg Dist. 


Memphis Dist. 


St. Louis Dist. 


Where conducted 


Materials-corrosion 
laboratory, Eastport, 
Me. 


At laboratories of four 
turbine manufacturers 


Missouri River Div. 
lab. 
Carnegie Tech. 


Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 
plied Science 
Case School of Ap- 


plied Science 


U.S. Engr. suboffice, 
Iowa City, lowa 
U.S. Engr. suboffice, 
Iowa City, Iowa 
Zanesville lab. 
Zanesville lab. 
Zanesville lab. 


Zanesville lab. 
Zanesville lab. 


Zanesville lab. 
Zanesville lab. 


Zanesville lab. 
Zanesville lab. 


Zanesville lab. 
Fort Peck lab. 
Tucumcari lab. 


Tucumeari lab. 


Tucumcari lab. 


Vicksburg soils lab. 


U. Waterways 
Expt. Sta. 
U. Waterways 


te 
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Name of study 


gested design of ma- 
terial for a levee; 
Mauvais Terre levee 
and drainage district’ 
Investigation of bor- 
row-pit material for 
levee at Tulsa, Okla. 
Complete design of 
supplementary dam 
and subsoil explora- 
tion at U. S. Water- 
ways Experiment Sta- 
tion® 

Estimate of seepage 
into reservoirs” in 
White River back- 
water area‘ 
Impervious core walls 
in levees, Ist study® 
Impervious core walls 
in levees, 2nd study® 


Percolation through 
foundation materials 
Pile-foundation tests 
Sand consolidation 
study 

Weep holes 


Rock-fill-dam tests 
Bolivar model study’ 


Mohawk model study’ 


Beach City model 
study’ 
Atwood model study’ 
Wills Creek model 
study’ 
Mogadore model 
study? 
Cowan Creek model 
study’ 


Nimisila model study’ 
Borrow-pit investiga- 
tion Conchas dam 
Compaction tests 
Analysis of borrow 
material, Bear Canyon 
dam, N. M. 

Analysis of samples 
Pajarito Creek dam 
Analysis of samples 
Miami dam, N. M. 
Investigation of ma- 
terial from nine pro- 
posed sites in 
Ark., Mo. and Okla. 
Subsidence investiga- 
tions* 

Foundations and de- 
sign for levee; Clear 
Creek levee and drain- 
age district ® 
Investigation of em- 
bankment (levee) 
foundations for sta- 
bility, applying Jur- 
genson’s method of 
analysis® 

Soil and rock tests for 
Conchas 
Soil tests for 
Canyon 


Bear 


Lock and dam No. 2, 
Kiskiminitas River, 
Pa,’ 


Office authorizing 


study 


Memphis Dist. 


Lower Miss. 
Div. 


Valley 


Lower Miss. 
Div. 


Valley 


Lower Miss. 
Div. 
Lower Miss. 
Div. 


Valley 


Valley 


(D) Foundations 
t. Paul Dist. 


t. Paul Dist. 


t. Paul Dist. 
St. Paul Dist. 
Eastport Dist. 
Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Zanesville Dist. 


Zanesville Dist. 
Tucumeari Dist. 


Tucumcari Dist. 
WPA State of New 
Mexico 

Natl. Park service 
WPA State of New 
Mexico 

Lower Miss. Valley 
Div. 

Vicksburg Dist. 


St. Louis Dist. 


Zanesville Dist. 


Tucumcari Dist. 


Tucumcari Dist. 


HYDRAULICS 


Where conducted 
Expt. Sta. 


U. 8. 
Expt. Sta. 


Waterways 


u & 
Expt. Sta. 


Waterways 


Expt. Sta. 


Waterways 


U. Waterways 
Expt. Sta. 
U. § Waterways 


Expt. Sta. 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
Iowa City, lowa 
U.S. Engr. suboffice, 
Iowa City, Iowa 
Alden hydraulic lab. 
Zanesville lab. 
Zanesville lab. 
Zanesville lab. 


Zanesville lab. 
Zanesville lab 


Zanesville lab. 
Zanesville lab 


Zanesville lab. 
Tucumeari lab. 


Tucumeari lab. 
Tucumeari lab. 


Tucumeari lab. 
Tucumeari lab. 


Memphis Dist. soils 


lab. 


U. S. 
. Sta. 
U. Waterways 
. Sta. 


Waterways 


Waterways 


= 
= 


U. & 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 


Waterways 


RIveR CANALIZATION 


(A) Lock design 
Pittsburgh Dist. 


U.S. Engr. suboffice, 
Iowa City, Iowa 


Name of study 
Pickwick lock hydrau- 
liesystem, Tenn. River 
Miss. River, Keokuk 
lock, Keokuk, lowa® 
Tenn. River, Gunters- 
ville lock hydraulic 
system 
Lock culverts 


Tenn. River, Chicka- 
mauga lock hydraulic 
system 

Navigation lock tests 
Passamaquoddy tidal 
power project 


Office authorizing 


study 
Nashville Dist 


Rock Island Dist. 


Nashville Dist. 


St. Paul Dist. 


Nashville Dist. 


Eastport Dist. 


Lock No. 3, Miss. River® St. Paul Dist. 


(B) 


Lock and dam No. 15, 
Miss. River, Rock Is- 
land, IIl.? 

Bear Trap dam No. 30, 
Ohio River® 


Roller-gate pressure 
tests 
Submergible Taintor 
gate 


Miss. River lock and 
dam No. 22, Hannibal, 
Mo. 

Illinois River, Peoria 
and La Grange dams 
Lock and dam No. 2, 
Miss. River, Hastings, 
Minn.’ 

Marmet lock and dam. 
Kanawha River, Mar- 
met, W. Va.é 

Ogee spillway tests 


Roller 
basins 
Winfield lock and dam 
stilling basin Kanawha 
River, Winfield, W. Va. 
Miss. River lock and 
dam No. 11, Dubuque, 
lowa 

Miss. River lock and 
dam No. 20, Canton, 


gate stilling 


Ohio River, Mont- 
gomery Island lock 
and dam?’ 

Monongahela River, 


new lock and dam No. 
4 

Miss. River, lock and 
dam No. 20, Canton, 
Mo. 


Scour below’ Bear- 
traps 
Bonneville — spillway 
gates 


HY D-58-2 
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Where conducted 
U.S. Engr. suboffice, 
lowa City, lowa 
U.S. Engr. suboffice, 
lowa City, lowa 
U.S. Engr. suboffice, 
lowa City, Iowa 
U.S. Engr. suboffice, 
lowa City, Iowa 
U.S. Engr. suboffice, 
lowa City, lowa 


Alden hydraulic lab. 


Zanesville lab. 


Movable-dam design 


Rock Island Dist. 


Cincinnati Dist. 


Rock Island Dist. 
Rock island Dist. 


Rock Island Dist. 


Chicago Dist. 


St. Paul Dist. 


Huntington Dist. 


Rock Island Dist. 


Rock Island Dist. 


Huntington Dist. 


Rock Island Dist. 


Rock Island Dist. 


Pittsburgh Dist. 


Pittsburgh Dist. 


Rock Island Dist. 


Louisville Dist. 


2nd Portland Dist. 


U.S. Engr. suboffice, 
lowa City, Iowa 


. Engr. suboffice, 
Iowa City, lowa 
. Engr. suboffice, 
Iowa City, lowa 
S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
lowa City, lowa 


U.S. Engr. suboffice, 
lowa City, Iowa 
U.S. Engr. suboffice, 
Iowa City, lowa 


U.S. Engr. suboffice 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
lowa City, Iowa 
U.S. Engr. suboffice, 
lowa City, lowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, 


U.S. Engr. suboffice, 
Iowa City, Iowa 


Louisville and Port- 
land canal dry dock 
Linnton hyd. lab. 


(C) Effect of dams on flow conditions (flood backwater and low- 


Lock and dam No. 2, 
Miss. River, Hastings, 
Minn.® 

Lock and dam No. 15, 
Miss. River, Rock Is- 
land, IIl.® 
Coefficients for 
Taintor and _ roller- 
gate dams* 

Lock and dam No. 2, 


Kiskiminitas River, 
Pa.® 
Marmet lock and 


water navigation) 
St. Paul Dist. 


Rock Island Dist. 


St. Paul Dist. 


Pittsburgh Dist. 


Huntington Dist. 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
lowa City, lowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice. 


* 
= 
eds 
| 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Name of study 


dam, Kanawha River, 
Marmet, W. Va.’ 
Roller-gate coefhi- 
cients of typical arran- 
gements of 3 gates 
Roller-gate —_coeffici- 
ents of Miss. River 
dams 5, 5-A, and 8 
Winfieldlockanddam, 
Kanawha River, Win- 
field, W. Va. 

Miss. River lock and 
dam No. 5, Fountain 
City, Wis. 

Miss. River lock and 
dam No. 26, Alton, 
Ill. 

Ohio River, Mont- 
gomery Island lock 
and dam 

Miss. River, Keokuk 
lock 

Miss. River, lock and 
dam No. 4, Alma, 
Wis. 

Tenn. River, Pickwick 
and dam 

Tenn. River, Chicka- 
mauga lock and dam 
Cofferdam expt., Bon- 
neville dam 

River model, Bonne- 
ville dam 

Three-mile rapids 
Monongahela _ River, 
new lock and dam No. 
46 

Tuscaloosa dam 

Ohio River, Gallipolis 
tock and dam 

Coney Island Dike*® 


Ohio River dam No. 
376 
Chain of rocks’ 


(D) 


Miss. River lock and 
dam No. 5, Fountain 
City, Wis.” 

Miss. River lock and 
dam No. 26, Alton, 

Monongahela _ River, 
new lock and dam No. 
4’ 

Miss. River, lock and 
dam No. 26, Alton, 
Ill. 

Miss. River, lock and 
dam No. 3, Red Wing, 
Minn. 

White Water River, 
silting study 

Mill Creek diversion 
dam, 2nd model 
Scour below Bear- 
traps’ 

Ohio River, 
No. 3767 
Starved Rock lock® 


dam 


Ohio River, Coney Is- 
land dike®? 


Office authorizing 
study 


Rock Island Dist. 


St. Paul Dist. 


Huntington Dist. 


St. Paul Dist. 


St. Louis Dist. 


Pittsburgh Dist. 


Miss. River Power 
Co. (private) 

St. Paul Dist. 
Nashville Dist. 
Nashville Dist. 

2nd Portland Dist. 
2nd Portland Dist. 
2nd Portland Dist. 
Pittsburgh Dist. 
Mobile Dist. 
Huntington Dist. 
Cincinnati Dist. 
Upper Miss. Valley 


Div. 
St. Louis Dist. 


and silting) 
St. Paui Dist. 


St. Louis Dist. 


Pittsburgh Dist. 


St. Louis Dist. 


St. Paul Dist. 


St. Paul Dist. 

2nd Portland Dist. 
Louisville Dist. 
Upper Miss. Valley 
Div. 

Chicago Dist. 


Cincinnati Dist. 


Where conducted 
Iowa City, 


U.S. Engr. suboffice, 
Iowa City, 


U.S. Engr. suboffice, 
lowa City, lowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U. S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 
U.S. Engr. suboffice, 
Iowa City, Iowa 
Linnton hyd. lab. 


Linnton hyd. lab. 


Linnton hyd. lab. 
Carnegie Tech. 


Carnegie Tech. 
Carnegie Tech. 


8&8. 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 


Waterways 
Waterways 


Waterways 


Effect of dams on channel configurations (alignment of channel, 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, lowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 


U.S. Engr. suboffice, 
Iowa City, Iowa 
Linnton hyd. lab. 


Louisville and Port- 
land canal dry dock 
U. 8S. Waterways 
Expt. Sta. 
8. 

Expt. Sta. 
68. 

Expt. Sta. 


Waterways 


Waterways 


3 Open-RiverR REGULATION FoR NAVIGATION 


Backwater effects 
from submerged sills‘ 


(A) By submerged sills 


Chief of engrs. 


Univ. of Michigan 


Name of study 
St. Clair River® 


Head of Passes®? 


South Pass flume 
study® 
South Pass model® 


Fort Chartres, Miss. 
river®? 
(B) 
Ohio River, 
bar® 
Ohio 
bar® 
Miss. River, Stewarts 
bar® 
Miss. River, Island No. 
ge 


Walkers 
River, Raleigh 


Miss. River, Island No. 
3567 

Miss. River, Racetrack 
towhead, Ist model® 
Miss. River, Hotchkiss 
bend® 

Miss. River, Robin- 
son Crusoe Island® 
Miss. River, Island No. 
216 

Miss. River, Cat Is- 
land®é 

Miss. River, Island No. 
206 

Miss River, 
Pleasant® 
Miss River, Head of 
Passes® 

Miss River, Fort Char- 
tres® 

Miss. River, Fort Char- 
tres second model® 
Miss. River, Brooks 
Point® 

Miss. River, Ste. Gene- 
vieve Bend®é 

Miss. River, Southwest 
Pass* 

Savannah River® 


Point 


General dike study 


Miss. River, Head of 
Passes special tests* 
Miss. River, Chain of 
Rocks 

Ohio River, 
Island 

Miss. River, Dogtooth 
bend 

Miss. River, 
Sure towhead 
Miss. River, 
Tower 

Miss. River, Wyanoke 
to Cow Island® 

Miss. River, Southwest 
pass® 

Miss. River, Redman 
Point dike study® 
Miss. River, Hopefield 
Point® 

Miss. River, Wyanoke 
Island® 

Miss. River, Morrison 
towhead® 

St. Johns River, Fla.*®? 


Pryors 


Swift 
Grand 


Del. River, Deepwater 


Office authorizing 
study 


Chief of engrs. 


lst New Orleans 
Dist. 
lst 

Dist. 
Ist 

Dist. 
St. Louis Dist. 


New Orleans 


New Orleans 


Louisville Dist. 
Louisville Dist. 
. Valley 
. Valley 
Valley 
. Valley 


Lower Miss. Valley 


Div. 

Memphis Dist. 
Memphis Dist. 
Memphis Dist. 
Memphis Dist. 
Memphis Dist. 


lst New Orleans 


Dist. 

St. Louis Dist. 
St. Louis Dist. 
St. Louis Dist. 
St. Louis Dist. 


lst New Orleans 


Dist. 
Savannah Dist. 
Memphis Dist. 


lst New Orleans 


Dist. 
St. Louis Dist. 
Louisville Dist. 
St. Louis Dist. 
St. Louis Dist. 
St. Louis Dist. 
Memphis Dist. 
Ist 


Dist. 
Memphis Dist. 


New Orleans 


Memphis Dist. 
Memphis Dist. 
Memphis Dist. 


Jacksonville Dist. 


Where conducted 
U. Waterways 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
U. 8. 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 


Waterways 
Waterways 


Waterways 


By wing dikes (permeable and impermeable groins) 


Expt. Sta. 
U. 
Expt. Sta. 
& 
Expt. Sta. 
Waterways 


Waterways 
Waterways 


Waterways 


Waterways 
Expt. Sta. 
U. 8. 
Expt. Sta. 
Expt. Sta. 
6. 
Expt Sta. 
U. S. Waterways 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
U. 
Expt. Sta. 
U. 
Expt. Sta. 
& 
Expt. Sta. 
Expt. Sta. 
. S. Waterways 
Expt. Sta. 
Expt. Sta. 
U. 8. 
Expt. Sta. 
& 
Expt. Sta. 
U. Waterways 
Expt. Sta. 
Expt. Sta. 
& 
Expt. Sta. 
U. Waterways 
Expt. Sta. 
Expt. Sta. 
U. 8S. Waterways 


Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Expt. Sta. 
U. 8S. Waterways 
Expt. Sta. 
U. S. Waterways 
Sta. 


Expt. 
& 
Expt. Sta. 
& 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 


Waterways 


By longitudinal dikes 


Philadelphia Dist. 


Fort Mifflin lab. 


| 
‘ 
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Name of study 
Point Range®? 
Miss. River, Racetrack 
Towhead, 2nd model ® 
Miss. River,  Fitler 
bend® 
Miss. River, Chain of 
Rocks 
Miss. River, 
Sure towhead? 
Miss. River, Grand 
Tower’ 
Southwest Pass®’ 


Swift 


St. Johns River®? 


(D) 
Miss. River, Cat 
Island*? 
Miss. River, Duckport 
to Delta Point® 
Savannah River®? 


Miss. River, Delta 
Point eddy study® 
Millikens bend* 


Ohio River, Walkers 
bar®&? 

Miss. River, Island 
No. 35° 


Miss. River, Racetrack 
towhead, Ist model® 
Miss. River, Natchez 
Island to Glasscock 
Point®? 
Miss. 
Point®? 
Miss. River, Robinson 
Crusoe Island®? 
Miss. River, 
Pleasant®? 
Miss. River, Paw Paw 
bend to Yucatan cut- 
off 

Miss. River, Diamond 
Point, Yucatan Point®? 
Miss. River, Buckridge 
Crossing®? 

Miss. River, Racetrack 
towhead, Diamond 
Point®? 

Miss. River Memphis 
depot? 

Ohio River, Pryors Is- 
land? 

Miss. River Water- 
proof cutoff 

Miss. river, Hopefield 
Point dredging® 


River, Rifle 


Point 


(A) By 
Urunswick levee ex- 
tension® 
Miss. River, Natchez 
levee setback® 
Miss. River, Helena to 
Donaldsonville’ 
Kansas City 


Atchafalaya Basin®? 


(rk - White 


tion®? 


separa- 


(B) 
Miss. River, Greenville 
cutoffé 


Office authorizing 
study 


Lower Miss. Valley 
Div. 

Lower Miss. Valley 
Div. 

St. Louis Dist. 

St. Louis Dist. 

St. Louis Dist. 

Ist N. O. Dist. 


Jacksonville Dist. 


HYDRAULICS 


Where conducted 


U.S. 
Expt. Sta. 
8. 
Expt. Sta 
Expt. Sta 
Expt. Sta. 


Expt. Sta. 
U. 
Expt. Sta. 
Expt. Sta. 


By bank stabilization 


Memphis Dist. 


Lower Miss. Valley 
Div. 
Savannah Dist. 


Lower Miss. Valley 
Div. 

Lower Miss. Valley 
Div. 

(E) By dredging 
Louisville Dist. 


Memphis Dist. 


Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 


Lower Miss. Valley 
Div. 
Memphis Dist. 


Memphis Dist. 


Lower Miss. Valley 
Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 


Memphis Dist. 
Louisville Dist. 
Lower Miss. Valley 


Div. 
Memphis Dist. 


4 FLoop ConTROL 


Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
u. & 
Expt. Sta. 
U. S. 


U. §&. 
Expt. Sta. 
U.S. 
Expt. Sta. 
U.S. 
Expt. Sta. 
J Ss. 


Expt. Sta. 


U.S. 

Expt. Sta. 
U. 
Expt. Sta. 
U. 8S. 

Expt. Sta. 


Expt. Sta. 


Ss. 
Expt. Sta. 
Ss. 


Uxpt. Sta. 
U.S. 
Expt. Sta. 


& 
Expt. Sta. 
& 
Expt. Sta. 
U. 
Expt. Sta. 
U. 8. 


Expt. Sta. 


levees and levee realignment 


Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 
Missouri River Div. 


Lower Miss. Valley 
Div. 
Lower Miss. Valley 
Div. 


& 
Expt. Sta. 
Expt. Sta. 
U. 
Expt. Sta. 


Expt. Sta. 


By channel straightening 


Lower Miss. Valley 
Div. 


Expt. Sta. 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 


Waterways 


Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 


Waterways 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 


Waterway’s 


Waterways 


Name of study 


Miss. River, cutoffs, 
Greenyille to Red 
River Landing® 

Miss. River, Slough 
Landing Neck cutoff® 
Miss. River, cutoffs at 
Leland, Worthington, 
Willow, and Marshall 
Points*® 

Miss. River, cutoffs, 
Tarpley and Leland 
Necks* 

Miss. River, channel 
capacity study, Le- 
land Neck to Pt. 
Breeze* 

Dredged cutoffs® 


Miss. River, Diamond 
Point cutoff® 

Atch. River, Cow Is- 
land cutoff® 

Miss. River, Natchez 
Island to 
Point® 
Miss. River, Water- 
proof cutoff® 

Miss. River, Morville 
Landing to Esperance 
Point® 


Miss. River, Rifle Point* Lower Miss. 


Atch. River, Lake Long 
bifurcation® 

Miss. River, American 
cutoff 

Miss. River, Cracraft 
towhead® 

Miss. River, Paw Paw 
bend to Yucatan cut- 
off 

Miss. River, Diamond 
Point, Yucatan Point* 
Miss. River, Buckridge 
Crossing® 

Miss. River, Racetrack 
towhead, Diamond 
Point® 

Miss. River, Togo Cros- 
sing® 

Miss. River, 
Island® 
Miss. River, Helena to 
Donaldsonville’ 

Miss. River, Buckridge 
Crossing, 2nd model 
Kansas City’ 


Natchez 


Miss. River, Leland 
Neck cutoff® 


Point Bar dredging‘ 


Miss. River, channel- 
capacity study vicin- 
ity Ark. City fuse- 
plug levee® 

(C) 
Birds Point, New Ma- 
drid floodway® 
Atchafalaya enlarge- 
ment® 
Tests on experimental 
ditch 
Atchafalaya Basin® 


Miss. River, Helena to 
Donaldsonville 

Ark - White separa- 
tion® 


HY D-58-2 


Office authorizing 


study 
Lower Miss. 


Div. 


Lower Miss. 
Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 
Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Valley 


Valley 


Valley 


Valley 


Valley 


Valley 
Valley 
Valley 


Valley 


Valley 


Valley 


Valley 
Valley 
Valley 
Valley 


Valley 


Valley 
Valley 


Valley 


Valley 
Valley 
Valley 


Valley 


Missouri River Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Valley 
Valley 


Valley 


Valley 
Valley 
Valley 
Valley 
Valley 


Valley 
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Where conducted 
U. S. Waterways 
Expt. Sta. 


& 
Expt. Sta. 
U.S. 
Expt. Sta. 


Waterways 


Waterways 


U. S&S. 
Expt. Sta. 


Waterways 


Expt. Sta. 


Waterways 


U.S. 
Expt. Sta. 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
U.  S.:« 
Expt. Sta. 


Waterways 


Waterways 


Waterways 


& 
Expt. Sta. 
& 
Expt. Sta. 


Waterways 


Waterways 


Expt. Sta. 
& 
Expt. Sta. 
U. S. 
Expt. Sta. 
U. 8. 
Expt. Sta. 
& 
Expt. Sta. 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 
Ue & 
Expt. Sta. 
& 
Expt. Sta. 
U 


S. Waterways 
Expt. Sta. 


Waterways 


Waterways 


 & 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
U. S. 
Expt. Sta. 
U. S.z 
Expt. Sta. 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
U.S. 
Expt. Sta. 
U.S. 
Expt. Sta. 


Waterways 


Waterways 
Waterways 


Waterways 


Waterways 


Waterways 


By diversions and outlets 


U. 
Expt. Sta. 


Waterways 


Waterways 


3 
— 
Expt. Sta. — 
Expt. Sta. Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
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Name of study 
Flood waves in diver- 
sion channels 


Boeuf and Atchafalaya Lower Miss. Valley U.S. 


pilot channels® 
Bonnet Carre spill- 
way (3 models) 


(A) Improvement of 


Columbia River 
estuary, Ist study® 
Columbia river 
estuary, 2nd study 
Beach-erosion inves- 
tigation’ 

Delaware River and 
Bay® 

Deepwater Point 
Range* 
Crosscurrents 
channels® 

Dike location Colum- 
bia river 

Relocation of ship 
channel, Columbia 
River 

Effect of closing west 
channel into Bakers 
Bay 

Effect of jetties at 
west channel, Bakers 
Bay 

Galveston Bay 


in 


Chesapeake & Dela- 
ware Canal®? 
Maracaibo Bay 


Absecon inlet 

St. Andrews Bay® 
Brazos-Santiago Pass*® 
Winyah Bay® 

St. Johns River® 
Tidal river dredging 
Aransas Pass® 


Mare Island 


(B) 
Cellular-type steel- 
sheet pile breakwaters® 
Wave action on vari- 
ous types of concrete 
caisson and _ rubble- 
mound breakwaters® 
Air-breakwater expts.® 


Port Washington har- 
bor® 


(C) 
Effect of vertical sea- 
wall on sand move- 
ment® 
Sand movement using 
a natural beach sand® 


Formation of a bar- 
rier, Beach No. 1 


Formation of a bar- 
rier, Beach No. 2¢ 


Office authorizing 
study 
Lower Miss. Valley 

Div. 


Div. 


Lower Miss. Valley 
Div. 


Where conducted 
U. S. Waterways 
Expt. Sta. 
Waterways 
Expt. Sta. 
8. 
Expt. Sta. 


Waterways 


5 CoastaL HarBors AND BEACHES 


tidal estuaries and harbors for navigation 


2nd Portland Dist. 
2nd Portland Dist. 
2nd Portland Dist. 
Philadelphia Dist. 
Philadelphia Dist. 
Mobile Dist. 

North Pacific Div. 


North Pacific Div. 


North Pacific Div. 


North Pacific Div. 


Galveston Dist. 
Philadelphia Dist. 
Standard Oil Co. of 
New Jersey 
Philadelphia Dist. 
Gulf of Mexico Div. 
Galveston Dist. 
Charleston Dist. 
Jacksonville Dist. 
Lower Miss. Valley 
Div. 

Galveston Dist. 


San Francisco Dist. 


Milwaukee Dist. 


Milwaukee Dist. 


Milwaukee Dist. 


Great Lakes Div. 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


U. 8S. Tidal Model 
lab., Berkeley, Calif. 
U. 8S. Tidal Model 
lab., Berkeley, Calif. 
U. Tidal Model 
lab., Berkeley, Calif. 
Fort Mifflin 

Fort Mifflin 

Spring Hill, Ala. 

U. 8S. Tidal Model 
lab., Berkeley, Calif. 
U. 8S. Tidal Model 
lab., Berkeley, Calif. 


U. S. Tidal Model 
lab., Berkeley, Calif. 


U. 8S. Tidal Model 
lab., Berkeley, Calif. 


Waterways 


Ko} 


Dep 


Waterways 
Expt. Sta. 


Breakwaters for reduction of wave action 


Caisson plant, Mil- 
waukee Harbor, Wis. 
Caisson plant, Mil- 
waukee Harbor, Wis. 


Caisson plant, Mil- 
waukee Harbor, Wis. 
U. S. Waterways 
Expt. Sta. 


Inlets, sandy coasts, and beaches 


U. S. Beach - Erosion 
Board wave tank, 
Fort Belvoir, Va. 
U. 8S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 
U. 8S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 
U. S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 


Name of study 


Sand movement under 
wave action No. 1° 


Sand movement under 
wave action No. 2 


Sand movement under 
wave action No. 36 


Sand movement under 
wave action No. 4° 


Sand movement under 
tides and wave action® 


Beach-erosion investi- 
gation 
Ballona Creek 


6 
(A) 
Instruments® 


Racetrack towhead 
bed-material study 
Effects of distortion® 


Current-meter study 


Roller-type wave ma- 
chine® 
Slope distortion 


Mannings ‘‘n”’ in mod- 
els® 
Bentzel velocity tube® 


Control of algae in 
models 
Diaphragm orifices*® 


Erodible-bank study® 
Design of weirs® 


Salt-solution velocity 
method 

Directive energy 
grain sorting® 
Directive energy 
sand feeding® 
Bed-load studies on 
synthetic sands® 
Investigation of light- 
weight bed materials 
for use in models 


(B) 


Dredge-pump model 
Towboat stability 
studies 

Experiments with 
pipe-line mixers 


Wave-pressure tests® 


Study of wave force 


Wave action® 


Transportation of bed 
material, Passama- 
quoddy tidal-power 
project® 
Transportation of bed 
load by Columbia 
River 


Office authorizing 
study 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


Beach-Erosion 
Board 


2nd Portland Dist. 


South Pacifie Div. 


St. Paul Dist. 


Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 


Miss. Valley 
Miss. Valley 
Miss. Valley 
Miss. Valley 
Miss. Valley 


Miss. Valley 


Miss. Valley 
Miss. Valley 
Miss. Valley 
Miss. Valley 
Miss. Valley 
Miss. Valley 

. Valley 
Miss. Valley 
Miss. Valley 


Miss. Valley 
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Where conducted 
U. S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 

U. 8. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 

U. S. Beach-Erosion 
Board wave _ tank, 
Fort Belvoir, Va. 

U. 8. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 

U. 3S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 

U. Tidal Model 
lab., Berkeley, Calif. 
U. Waterways 
Expt. Sta. 


MISCELLANEOUS PROJECTS 


Improvement of model methods 


U.S. Engr. sub-oftice, 
Iowa City, lowa 
U. Waterways 
Expt. Sta. 
6. 
Expt. Sta. 
U. 38. Waterways 
Expt. Sta. 
ve 
Expt. Sta. 
Waterways 


Waterways 
Waterways 


Waterways 
Expt. Sta. 
Be 
Expt. Sta. 
U. 8. 
Expt. Sta. 
& 
Expt. Sta. 
Expt. Sta. 
Expt. Sta. 
u. 
Expt. Sta. 
U. S. Waterways 


Waterways 
Waterways 
Waterways 
Waterways 
Waterways 
Waterways 


ta. 
Waterways 


Expt. 8 
Expt. Sta. 


U. 8. Waterways 
Expt. Sta. 
Expt. Sta. 


Waterways 


Floating-plant designs 


North Pacific Div. 
2nd New Orleans 
Dist. 

Memphis Dist. 


(C) Wave studies 
Beach-Erosion 
Board 
Beach-Erosion 
Board 


Lake Superior Dist. 


(D) Stream-load studies 


Eastport Dist. 


North Pacific Div. 


Linnton hyd. lab. 
River front, New Or- 
leans 

Expt. Sta. 


Waterways 


Caisson plant, Mil- 
waukee, Wis. 

U. S. Beach-Erosion 
Board wave tank, 
Fort Belvoir, Va. 
Duluth, Minn. 


Alden hydraulic lab. 


U. S. Tidal model 
lab., Berkeley, Calif. 


8 
| 
ieas Expt. Sta. Expt. Sta 
U. S. Waterways 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
S. Waterways 
pt. Sta. 
U. S. Waterways 
U. S. Waterways 
Expt. Sta. 
U. S. Waterways 
Expt. Sta. 
we U. S. Waterways 
Expt. Sta. 
eee S. Waterways 
Sta. 
S. Waterways 


Name of study 
Photoelectric cell for 
measuring per cent of 
solids® 
Local excesses of bed 
material‘ 

Bifureating flume® 


Bed-load studies, natu- 
ral sands‘ 
Bed-load diversion‘ 


Bed-load studies, syn- 
thetic sand mixtures® 
Laconia bend® 


Transylvania chute® 


Critical tractive force 
of coarse material® 
Design of sediment 
traps 

Bed-material survey 
Miss. River, Cairo, Ill. 
to Gulf of Mexico and 
Atchafalaya River® 
Sedimentestudy of At- 
chafalaya Basin‘ 
Bed-material survey 
at Montgomery cut- 
off, White River® 
Bed-material survey 
of principal tributaries 
to Miss. River* 
Sediment studies 
Miss. River prior to 
1930° 

sediment studies 
Miss. River, 1930-1931 


Sediment studies 
Miss. River 1931- 
1932¢ 

(EB) 


Revetment study 
Tetrahedral blocks' 


Broken concrete and 
gravel revetment’ 
Articulated concrete 
mattress 


(F) 
Erosion tests at rail- 
road embankment 
Investigation of levee 
and borrow-pit ma- 
terial, Big Lake reser- 
vation, Ark.¢ 
Effects of overflow on 
railroad embank- 
ments® 
Investigation and sug- 
gested design of ma- 
terial for a levee, Mau- 


Office authorizing 
study 
North Pacific Div. 


Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 
Le wer 
Div. 
Lower 
Div. 
Lower 
Div. 
Lower 
Div. 


New 


2nd 
Dist. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Protection of 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Miss. 
Miss. 
Miss. 
Miss. 
Miss. 
Miss. 
Miss. 
Miss. 
Miss. 


Miss. 


Valley 
Valley 
Valley 
Valley 
Valley 
Valley 
Valley 
Valley 
Valley 


Valley 


Orleans 


Valley 


‘alley 


‘alley 


alley 


‘alley 


stream 
Valley 


Valley 


Valley 


Memphis Dist. 
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Where conducted 


U. 8S. Tidal 


Model 


lab., Berkeley, Calif. 


U. S. 
Expt. Sta. 
U 


Expt. Sta. 


U. 
Expt. Sta. 
-& 
Expt. 5 
& 
Expt. S 
U. 6. 
Expt. 
U.S. 
Expt. 
U.S. 
Expt. 


U. § 
Expt. 
§ 


Expt. 


Expt. 8 
U S. 


Expt. > 


UG. & 
Expt. 8 
U.S. 

Expt. Sta. 


banks 
U.S. 
Expt. 
U. 
Expt. 
U 


Expt. 
U. 
Expt. 


Earth-embankment studies 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Lower Miss. 


Div. 


Valley 


Valley 


Valley 


St. Louis Dist. 


U.. & 
Expt. Sta 


Expt. Sta. 
u. 8. 
Expt. 


Expt. 


Waterways 
Waterways 
Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 
Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 
Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Waterways 


Name of study 
vais Terre levee and 
drainage dist. 

Design of side slopes 
for embankment for 
site of marine hospital 
at Memphis, Tenn.® 
Investigation of bor- 
row-pit material for 
levees at Tulsa, Okla.®? 
Investigation of soil, 
Murray dam _ near 
Ardmore, Okla.® 
Investigation of pres- 


sure developed by 

plastic debris from 

mining operations® 
(G) 


Pipe bends* 


Comparative tests of 
transportation of New- 
port Bay and Sacra- 
mento River sands in 
pipe lines® 


Vortex tests 


Velocity distribution 
and roughness coeffi- 
cients’ 

Helicoidal flow® 


Slope distortion®? 


Investigation of lim- 
its of Red River back- 
water® 
Investigation of lim- 
its of the Illinois back- 
water® 


East mooring basin, 
Cape Cod Canal® 
Velocity distribution 
and roughness coeffi- 
cients® 

Determination of locus 
of high- and low-wa- 
ter profiles, Cape Cod 
Canal 

Velocity observations 
on progressive’ im- 
provement of Cap Cod 
Canal 

Effect of dikes in the 
improved project, Cape 
Cod Canal 

Freeport Canal cross- 
ing, first phase 
Freeport Canal cross- 
ing, second phase® 
Chesapeake and Dela- 
ware Canal® 
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Office authorizing 


study Where conducted 


U.S. Treasury Dept. U. 8S. Waterways 
Expt. Sta. 

Memphis Dist. U. 8S. Waterways 
Expt. Sta. 

WPA of Okla U. S. Waterways 
Expt. Sta. 

South Pacifie Div. U. S$. Waterways 


Expt. Sta. 


Flow in closed conduits—general 


Lower Miss. Valley U. 8S. Waterways 
Div. Expt. Sta. 
South Pacifie Div. U. S. Tidal Model 


lab., Berkeley, Calif. 


(H) Fluid mechanics 

St. Paul Dist. U. 8S. Engr. suboffice, 
Iowa City, Iowa 

Boston Dist. M.L.T. 

Lower Miss. Valley U. 8S Waterways 

Div. Expt. Sta. 

Lower Miss. Valley U. 8S. Waterways 

Div. Expt. Sta 

Lower Miss. Valley U. S. Waterways 

Div. Expt. Sta. 

Lower Miss. Valley U. 8S. Waterways 
Expt. Sta. 

UW) Canal studies 

Boston Dist. M.LT. 

Boston Dist. M.L.T. 

Boston Dist. M.LT. 

Boston Dist. M.L.T. 

Boston Dist. M.I1.T 

Galveston Dist. U. S. Waterways 
Expt. Sta. 

Galveston Dist. U. 8S. Waterways 
Expt. Sta. 

Philadelphia Dist. U S. Waterways 


Expt. Sta. 


Expt. Sta. 
UV. Ss. 
Sta 
sta. 
Sta. 
ta. 
|_| 
= 
ta. 
Sta. 
Sta. 
sta. 
: 
+ 


“a 
: 
2 
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American Hydraulic-Laboratory Practice 


By LESLIE J. HOOPER, WORCESTER, MASS. 


It is the purpose of this paper to describe briefly repre- 
sentative American hydraulic laboratories and their work 
in recent years. Laboratories in this country and Canada 
were visited by the author during 1934 and 1955 as a Free- 
man scholar. It was obviously impossible for the author 
to visit every laboratory in this country in the time allotted 
and just as impossible to adequately describe each labora- 
tory. Hence, considerable detail must be omitted in this 
article and many laboratories will not receive the atten- 
tion their work deserves. Such omissions are not inten- 
tional but due only to the limitations of time available 
for inspection and space available for this paper. 


O FAR as is known to the writer, American laboratory work 
S had its real start with James B. Francis who was working 
with the Proprietors of the Lowell Locks and Canals. The 
company owns the water rights of the entire Merrimac River 
at Lowell and sells water-power privileges to various manufac- 
turing companies. The need of accurate water measurements 
caused Francis to make his experiments on contracted and 
suppressed weirs. This work was done in 1848, 1851, and 1852 on 
weirs 1.8 to 10 feet long (1).2. The heads were measured with 
hook gages and the discharges determined volumetrically. This 
work was done with a high degree of precision as modern engineers 
who have duplicated his work can testify. This investigation was 
followed later by experiments on the flow of water in expanding 
tubes (1854). 

Following Francis, his assistant and successor, Hiram F. 
Mills, made fundamental tests on piezometers and then on the 
flow of water in pipes (2). Still later, in 1888, John R. Freeman, 
an assistant of Mr. Mills, performed his calibration experiments 
with fire-hose nozzles using pitot tubes to traverse the jet (3). 
He demonstrated that the pitot tube was a reliable velocit y-meas- 
uring instrument with a coefficient very close to unity. 

Since the water-power privileges at Lowell were sold on an 
input basis, it was to the interest of the manufacturer to install 
the most efficient water wheel obtainable. This, of necessity, 
caused considerable interest in water-wheel design and it was at 
Lowell that the mixed-flow water wheel which is typical of 


‘Instructor in Hydraulic Engineering, at the Alden Hy- 
dranlic Laboratory of Worcester Polytechnic Institute. Jun. 
A.S.M.E. Mr. Hooper was graduated from Worcester Polytechnic 
Institute in 1924 with the degree of B.S. in mechanical engineering 
and in 1928 was granted the degree of M.E. From 1924 to 1927 
he was engaged as hydraulic test engineer by the Canadian & General 
Finance Company, Ltd. on their Brazilian properties. From 1927 
to 1931 he served as assistant to Prof. C. M. Allen, making field 
tests of water wheels and model tests of hydraulic structures in the 
Alden Laboratory. Since 1931 he has been attached to the teaching 
staff of Worcester Polytechnic Institute. During 1934-1935 he was 
a Freeman Scholar, visiting hydraulic laboratories of the United 
States and Canada. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at a meeting 
of THe AMERICAN Society oF MECHANICAL ENGINEERS, held at 
Niagara Falls, N. Y., September 17-20, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1936, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their futhors, and not those 
of the Society. 


modern design, was developed by Swain, Boyden, and Francis. 
The next hydraulic laboratory of prominence to be installed 
was the Holyoke water-wheel testing flume at Holyoke, Mass. 
This was established in 1874 by James Emerson who had been 
trained at Lowell. The testing flume was taken over in 1882 by 
the Holyoke Water Power Company with Clemens Hershel in 
charge of the experimental work. At this laboratory, water 
wheels are tested under a head of from 12 to 18 ft in a flume 20 
ft square in section and about 25 ft high. The water flows from 
the water wheel into the tailrace flume which is 35 ft long and 
20 ft wide, with a sharp crested weir at the downstream end. 
The output is measured by a prony brake and direct-connected 
revolution counter. This test flume has been in operation con- 
tinuously since its installation and it is still available for water- 
wheel testing. At present its facilities are not so frequently used 
since all water-wheel manufacturers have their own laboratories 
for routine testing. rf 
The foregoing description offers very briefly a little of the 
historical background of hydraulic test work in this country. 


TABLES 


In connection with the work of hydraulic laboratories at the 
present time, three tables have been prepared. Table 1 contains 
a list of manufacturers’ and of Government laboratories which 
are engaged in a commercial form of research, together with an 
indication of the particular type of experimental work being done. 
Table 2 contains a list of college and university laboratories which 
are used for instruction, and scientific and commercial research. 
Table 3 lists those laboratories which are used for instruction and 
scientific research. In connection with Table 3, it must be borne 
in mind that college laboratories are used primarily for the in- 
struction of undergraduates and graduate students since hydrau- 
lie experiments are practically always given with elementary 
hydraulic instruction, and postgraduate work often entails hy- 
draulic investigations. At the time these visits were made a 
business depression had been much in evidence for five years. 
This has resulted in the heavier loading of professors’ and 
instructors’ time so that there has been little opportunity for 
research by college staffs. It is probable that had the inspection 
been made at a more favorable time, much more scientific research 
would have been found in progress. 


TABLE 1 COMMERCIAL AND GOVERNMENT LABORATORIES 


6 
2 323 
523 
gee 
53 88555237 32 
O MOE & 
Bureau of Reclamation—Denver Office x x 
Fort Collins x 
Montrose 
Byron Jackson Pump Company x 
Diopertanent of Agriculture, F. C. Scobey x 
Holyoke Water Power Company x 
I. P. Morris Div. of Baldwin Southwark x x 
James Leffel Water Wheel Company x 
Lowell Locks and Canals , 
National Hydraulic r 
Newport News Shipbuildingand Dry DockCo. x x x x 
Pelton Water Wheel Company x 
Pennsylvania Water and Power Co., Holtwood x x 
Rodney Hunt Machine Company x 
Shawinigan Experimental Turbine Testing 
Plant 
S. Morgan Smith Ly x 
U. 8. Army Engineers, Portland District fice x x x 
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SEecTIONAL ELEVATION OF THE HypRAULIC LABORATORY OF THE NEwWport ? 
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Newrort News, Va. 


WaTER-WHEEL LABORATORIES 


Today, instead of all manufacturers bringing their experimen- 
tal wheels to one place for test purposes, they all have their 
own laboratories except the Holyoke Machine Company which 
uses the facilities of the Alden hydraulic laboratory. All of the 
manufacturers’ laboratories visited were busy at the time of the 
inspection. In general, the type of work being done was the 
improvement of design details, such as runner-blade shapes, 
casing details, draft tubes, and cavitation effects. Due to the 
commercial nature of their work, reports of their tests are rarely 
available. 

As an example of a water-wheel manufacturer’s laboratory, 
that of the Newport News Shipbuilding and Dry Dock Company 
at Newport News, Va., is briefly described. 


TABLE 2 COLLEGE LABORATORIES esee> IN RESEARCH 


AND COMMERCIAL WOR 


n 
& 
> D 
2 83 & = 4 
= 2 >S <= = 
OS & 2 
PrP 56> > @ 
HH 
California Institute of Technology x x x «x 
California, University of z <= 
Carnegie Institute of Technology =< 
Case School of Applied Science x 
Cornell University x 
Maine, University of x 
Massachusetts Institute of Technology 
Michigan, University of x x 
Minnesota, University of x x 
Ohio State University | x 
Pennsylvania, University of x x 
Stevens Institute of Technology x 
Wisconsin, University of 
Worcester Polytechnic Institute x 


TABLE 3 COLLEGE LABORATORIES USED FOR INSTRUCTION 
AND SCIENTIFIC RESEARCH 


Columbia University 

Illinois, University of 

McGill Universit 

Michigan State College 

Oregon State College 
Pennsylvania State College 
Princeton University 

Purdue University 

Queen's University 

Rensselaer Polytechnic Institute 
Sheffield Scientific School of Yale University 
Toronto, University of 

Tufts College 


Nore: All college laboratories have equipment for the calibration of 
venturi and orifice meters, pitot tubes, and weirs. Practically all have 
eng 4 and water-wheel testing equipment. Princeton, Purdue, and Rensse- 
aer have towing flumes and carriages. 


SECOND FLOOR PLAN 


Og 


TL 


Trt 


FIRST FLOOR PLAN 


BASEMENT PLAN 


Pian VIEW OF THE HypRAULIC LABORATORY OF THE NEw- 
PORT NEws SHIPBUILDING AND Dry Dock Company 


Fic. 2 


The laboratory building, shown in Figs. 1 and 2, is 36'/2 
60 ft inside in plan and three stories in height, including the base- 
ment. Water is taken from a 5200-cu ft sump through a 36-in. 
suction header by two 115-hp electrie motor-driven centrifugal 
pumps. One of these pumps delivers 22 efs against a dynamic 
head of 25 ft for the water-wheel testing flume. The other sup- 
plies the cavitation unit with a flow of 16.7 cfs under a dynamic 
head of 52 ft. Both units may be used together to supply 40 cfs 
to the water-wheel flume. 

In the basement thgre is also located a test bed for the ready 
installation and test of centrifugal pumps, having discharge 


578 
— 
i | = | | | | | i i! 4 L 
SHIPBUILDING AND Dry Dock Company aT 
= 
| htt | 
| 


pipes as large as 24 in. in diameter. The power to drive these 
pumps is taken from a 65-hp horizontal electric dynamometer 
which, at the time of the inspection, was being used on the 
cavitation stand. 

The water-wheel testing flume is an open circular steel tank, 
12 ft in diameter. An opening in the bottom is provided with 
various rings so that any size model may be readily fitted in 
place, the standard size being about 16 in. in diameter. For 
open-flume settings, the water is pumped into the head-race 
tank 6 ft wide, 7 ft deep, and 20 ft long, connecting with the top 
of the circular tank. The discharge from the wheel passes from 
the 12-ft circular pit, under the tank, into a flume 6 ft wide, 8 ft 
deep and 22 ft long. Crushed-rock racks are installed and 6-ft 
suppressed weirs are located at the end of each of these flumes so 
that either pumps or water wheels may be readily tested without 
any appreciable change in the apparatus. To facilitate the 
testing of model water wheels in closed settings, a 24-in. pipe is 
installed between the discharge line of the pump and the side 
of the circular steel flume. The scroll case of the model is bolted 
to this pipe connection. 

The total head on the water wheel is measured in one reading 
by means of two float gages, one connected to the tailrace flume 
bearing a scale, while the other, connected to the headrace flume 
or to the entrance to the scroll case, carries a pointer. 

The head on the weir is measured by means of a float gage with 
a vernier allowing readings to be made to 0.001 ft. 

The output of the water wheel is measured with a vertical 65-hp 
electric dynamometer which has a special double-ball thrust bear- 
ing. The intermediate race of this bearing is rotated in either 
direction by a small electric motor, allowing the effect of friction 
in the stator thrust bearing to be eliminated. 

A master clock, through a program machine, automatically 
sends out signals for timing the test runs and through relays 
operates the revolution counter at the beginning and end of the 
run. 

A 2500-ft-lb Woodward governor is installed in connection 
with the water-wheel testing flume and is primarily used in 
testing propeller-type turbine models with automatically adjust- 
able vanes. 

The cavitation equipment consists of a semiclosed circulating 
system. The water from the pump passes up to the second story 
through a diverging pipe to a converging elbow. In the horizontal 
run from this elbow, there is a 16 X 9'/,in. venturi meter, from 
which the water passes to the inlet of the 10-in. water wheel. The 
draft tube from the water wheel passes through a rectangular 
pressure-regulating butterfly valve to the 36-in. suction header 
about 25 ft beneath in the basement. 

The inlet pressure is regulated by means of the pump speed. 
Inlet and discharge pressures are measured with mercury manome- 
ters. Flow is measured with the venturi meter. 

The output of the water wheel is measured in the same way as 
in the main water-wheel test flume except that a horizontal 
electric dynamometer is used. The most interesting detail of 
this unit is the use of a 10-in. glass cylindrical connection extend- 
ing from just below the runner to the top of the draft tube which 
permits the observation of cavitation phenomena by means of a 
rotoscope or by stroboscopic light Other draft-tube models are 
provided with two or more observation windows. 

Pump models, up to 10 in. eye diameter, are tested in the 
basement using the 65-hp horizontal dynamometer and the water 
is measured by 6-and 10-in. venturi meters. This equipment is 
cross-connected with one of the permanent circulating pumps 
so that special models may be tested both as pumps and as tur- 
bines. 

In running each test, only two men are employed ordinarily; 
one man handles all adjustments and controls, which are con- 
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veniently grouped, while the other directs the test and computes 
and plots the results. 

On the first floor a small steel flume 8 ft long, 4 ft wide and 4 ft 
deep is used for the testing of 4-in. draft-tube models. A small 
motor-driven propeller-type pump supplies 2.5 cfs under a head 
of 4 ft for this work. The discharge from the model tube passes 
into a steel flume 4 ft wide, 4 ft deep and 12 ft long, with a 2-ft 
contracted weir at the far end. The model draft tube is tested 
with straight and swirling flow as a head regainer, pressure 
measurements being taken of the head water, tail water, and at 
the throat of the tube. 

There is also a small towing tank on the first floor of the 
laboratory, 8 ft wide, 4 ft deep and 56 ft long. It is designed to 
accommodate a 4-ft ship model. The ship model is towed by a 
cord which, in turn, is operated by a gravity dynamometer. The 
greatest care was taken in the design of the dynamometer to secure 
the same bearing and friction losses at all times. The speed 
of the model is obtained by means of a photoelectric cell, operating 
on the spokes of the idler pulley of the system. All data are auto- 
matically recorded on a chronograph. 

Other laboratory equipment consists of a 200-kw motor- 
generator set, an air compressor, a 20-in. engine lathe, a 16-in. 
Alden dynamometer, and a 5-ton crane which is arranged to 
serve each of the three floors. A separate storage building is 
provided in the rear of the laboratory. 


CAVITATION TESTING 


Due to low-head developments, the trend in recent years in 
water-wheel design has been to larger units and higher specific 
speed so that cavitation has become a problem of increasing im- 
portance. This problem has been attacked in two ways, the first 
being to improve the contours of water-wheel blades and the 
second to find materials more resistant to the effects of cavitation. 

There are several laboratories engaged in cavitation research 
from the viewpoint of water-wheel design, namely, the Shawinigan 
Experimental Turbine Testing Plant of the Shawinigan Water 
Power Company, the Holtwood Hydraulic Laboratory of the 
Pennsylvania Water and Power Company, and the laboratory of 
the Newport News Shipbuilding and Dry Dock Company which 
has been described. The Holtwood Laboratory located at Holt- 
wood, Pennsylvania, is described here since the work done there 
is representative of this branch of water-wheel testing. 

Water is taken from the forebay of the Holtwood plant, shown 
in Fig. 3, by a motor-driven centrifugal pump which can supply a 
discharge of 56 cfs at a head of 35 ft. The discharge from the 
pump flows into a head box which is provided with suitable racks 
and a sluice gate. This gate is operated by an electric motor 
and is remotely controlled from the laboratory, allowing the 
head in this forebay tank to be varied over a range of about 20 ft. 
A bellmouthed intake, 52 in. in diameter, connects with a 36-in. 
penstock, which delivers the water through a 36 X 15-in. venturi 
meter to the rectangular pressure box at the laboratory. The 
wheel pit is 12 < 18 ft in plan and 9 ft high, allowing ample room 
for the installation of model scroll cases. Directly below the 
wheel there is an observation chamber in which elbow, spreading 
and conical draft tubes of the shape desired may be installed. 
The draft tube under test at the time of the visit was fitted with 
small windows which allowed the inspection of the wheel and of 
the draft-tube flow while the unit was in operation. This has 
been done in the past using steady and stroboscopic light. The 
draft tubes discharge into a closed box which has a regulating 
gate at the bottom and a vacuum pump taking off at the high 
point. This makes it possible to keep the draft tubes sealed and 
yet, by proper manipulation of the gate, the pressure in the box 
may be dropped to a very low equivalent water surface. By 
varying the pressure in the forebay tank and in the draft-tube 
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chamber tests can be run with a range of heads from 66 ft to 30 
ft. For cavitation tests o can be varied from 0.4 to 1.5. 

The pressure head on the wheel is measured with a barometric 
type of mercury manometer. The tailrace elevation is read by 
means of a counterweighted float gage. These two gages are set 
close together allowing one observer to take both readings which,’ 
when subtracted, give the net pressure head on the wheel. The 
discharge is measured by the 36 X 15-in. venturi meter which was 
calibrated by the Allen salt-velocity method. 

The output of the water wheel is measured by a vertical 
300-hp electric dynamometer, which is equipped with the same 
form of special thrust bearing which was described in connection 
with the Newport News Shipbuilding and Dry Dock Company 
laboratory. The speed of the wheel is counted by a Leeds and 
Northrup synchronous timer driven by a small a-c generator 
which, in turn, is gear-driven from the dynamometer shaft. The 
clutch of the timer is operated automatically by contacts on an 
International time clock which also controls the warning and 
reading bells. 

The Holtwood laboratory was used initially to determine the 
characteristics of water wheels for the Safe Harbor power plant, 
both from the design viewpoint and finally from the operation 
viewpoint when the power output as limited by cavitation was 
determined for various head conditions (4, 5). The laboratory 
has also been used by various manufacturers for their experimen- 
tal work in cavitation. 

There are a number of laboratories in the country which have 
equipment for the determination of the resistance of various 
materials to the effects of cavitation. Such cavitation stands 
are in operation at Holtwood, Safe Harbor, University of Toronto, 
and at the Massachusetts Institute of Technology. 

The cavitation test stand at the Massachusetts Institute of 
Technology, shown in Fig. 4, consists of a closed recirculating 
system with a 4-in. square venturi section in which the pressure, 
temperature, and velocity of the test fluid can be controlled. 


Water is supplied by two electric motor-driven centrifugal pumps 
having a capacity of 13.3 cfs at 60-ft head when operating in 
parallel, and 6.7 cfs at 120-ft head when operated in series. The 
discharge from the pumps enters the end of a vertical cylindrical 
steel tank about 4.5 ft in diameter and 10 ft high which is equipped 
with baffles and racks to produce quiet flow conditions. The 
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side outlet from this tank reduces to the venturi throat section 
in which cavitation occurs. The discharge from this section passes 
to the suction side of the pumps. Cooling coils are installed 
in the pressure tank so that the temperature of the fluid may be 
regulated. Connections are provided so that the pressure in the 
tank and at the test section may be readily determined and 
provision is made to determine the air content of the fluid during 
the test. Plate-glass side walls are provided for the test section 
to facilitate observation and the photographing of the cavitation 
phenomena. High-speed motion pictures have been taken of 
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the apparatus in operation. The results of these tests have been 
published in progress reports from time to time (6). 

A new form of cavitation apparatus has been designed recently 
at M.I.T. to determine the resistance of materials. It consists 
essentially, of a metal rod which is set into longitudinal vibration 
by means of an electrical oscillator circuit. The frequency of 
the vibration is in the neighborhood of 7000 cycles per sec. 
The specimen to be tested is mounted on the end of the vertical 
rod and immersed about !/2 in. in a bath of the fluid which is to 
be tested with the specimen. The fluids which have been used 
to date are alcohol, salt water, and fresh water. The metal rod 
and the bath are maintained at the correct temperatures by 
means of cooling coils. The effect on the specimen seems to be 
identical with that obtained in the venturi-shaped testing sec- 
tions. However, a series of tests is now in progress to correlate 
the results of these two methods of test procedure. 


Pump TEsTING 


As in the case of water wheels, practically all of the pump manu- 
facturers have their own laboratories which are used both in their 
design work and in the routine testing of pumps. In addition, 
many of the colleges are equipped to test pumps using an input 


up to 10 hp. The most satisfactory method of measuring the 


power is by means of an electric dynamometer, although, in 
some cases, torsion dynamometers have been used with success. 
In a few cases a calibrated electric motor has been used. The 
pressures at the inlet and the discharge of the pump are usually 
measured with mercury manometers for moderate pressures and 
with calibrated Bourdon-tube gages for high pressures. The 
discharge is usually determined either by weighing, volumetric 
tanks, or by calibrated venturi meters. Possibly, the outstanding 
pump-testing laboratory built in recent years is that of the Cali- 
fornia Institute of Technology at Pasadena, Calif., the description 
of which follows. 

The pump-testing laboratory at the California Institute of 
Technology, shown in Fig. 5, was built with the cooperation of 
the metropolitan water district of Southern California for the 
purpose of determining the best type characteristics and then 
the best commercial design of pump to be used in bringing water 
from the Colorado River to Los Angeles. 

The equipment is set up in a room about 20 ft wide, 50 ft long 
and three stories high, with a basement beneath. The suction 
for the pump is taken from a tank 4 ft in diameter and 25 ft high. 
The water is discharged through a bank of four venturi meters 
of different sizes and thence, through a throttling valve, back to 
the suction tank. Inasmuch as this is a closed system, the suction 
pressure may be adjusted to any desired value by means of 
auxiliary pumps, allowing cavitation tests to be made very 
readily. The range in suction pressure is from about —25 ft of 
water to a positive pressure of about 125 ft of water. The four 
venturi meters are controlled by means of grease-sealed plug 
valves so that only one meter is used at any given time and that 
during the stable range of the meter. These venturi meters have 
been carefully calibrated by calibrated volumetric tanks. The 
throttling plug valve is motor-operated and serves to regulate 
the discharge pressure of the pump. This valve is remotely con- 
trolled from the operator’s desk. 

In order to keep tests of different pumps on a truly compara- 
tive basis, the pressure piezometers at the inlet and discharge 
of the pump are located at the same position relative to the 
pump and tank and in the same pipes for all pumps tested. 

The suction and discharge pressures are measured by means 
of specially designed and constructed gages operating on the 
principle of the dead-weight gage tester. These gages have a 
range from a vacuum to 500 Ib per sq in. and are sensitive to 0.01 
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lb per sq in. Two of these gages are used to measure the suction 
pressure and the discharge pressure. The same type mechanism 
is adapted to weigh the mercury differential of the venturi 
meters. 

The input to the pumps is determined by means of a horizontal 
electric dynamometer which has a capacity of about 400 hp at 
5000 rpm. 

The torque of the dynamometer is measured by a combination 
of a hydraulically loaded piston and a weight which slides 
transversely on the dynamometer itself. This apparatus is 
sensitive to the nearest 0.25 in-lb of torque. 


Pump-TestinG LABORATORY AT THE CALIFORNIA INSTITUTE 
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Fig. 5 


The speed of the dynamometer is held constant by an automa- 
tic speed regulator controlled from a standard time source. A 
special gearbox allows the speed of the pump to be adjusted in 
0.5-rpm steps up to 5000 rpm and the system is so constructed that 
the speed is kept at any chosen value to one part in one hundred 
thousand. 

It is thus seen that the speed and pressure conditions for a 
test are selected and the dynamometer weight, venturi deflection, 
discharge and suction pressures are read from the automatic 
balancing scales and gages. Since all the gages and apparatus 
are balanced automatically, there is no personal error introduced 
into any of the readings. The sensitivity and the accuracy of 
the apparatus are such that whole series of tests can be made with 
all test points within 0.1 per cent of the true values. 

In addition to the suction pressure tank, there are two steel 
tanks 5 ft in diameter and 40 ft high. These tanks are used to 
test the pumps under abnormal operating conditions determining 
the performance of the unit under conditions of power failure 
and sudden changes in pressure conditions. A long test program 
was in progress for the metropolitan water district of Southern 
California at the time of the inspection. Some idea of the type 
of test work being done may be obtained from the brief papers 
mentioned in the Bibliography (8, 9, 10). A detailed description 
of this test equipment will probably be published shortly. 
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CALIBRATION OF INSTRUMENTS AND APPARATUS 
Practically all college laboratories are equipped io calibrate 
hydraulic measuring instruments to some extent. A few examples 
of the facilities available and the work being done are indicated 
in the following brief description. 
There are a number of tangent-current-meter rating stations 
which are used to calibrate current meters and pitot tubes, 
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among which are the tanks at the Colorado Agricultural Experi- 
ment Station, Rensselaer Polytechnic Institute, Princeton 
University, and that of the Bureau of Standards. The last is 
vrobably the best known of the group and the description follows. 

The still-water channel in which the current meters are rated 
is 400 ft long, 6 ft wide, and 6 ft deep. The towing car travels 
on steel rails mounted on the 
sides of the channel. The cast- 
iron wheels of the car and the 
surface of the track are ground 
to a smooth finish. When the 
tracks are clean the operation 
of the car is vibrationless. The 
car is equipped with a 5-hp 
electric motor which, in turn, 
drives a Waterbury hydraulic 
gear which is connected to the 
wheels of the car. Thus the car 
may be driven at any desired 
speed up to 12 fps in either di- 
rection. All of the controls and 
the recording apparatus are lo- 
cated on the car. 

The current-meter contacts 
operate a relay which pulls over 
a notched wheel by means of a 
magnet. Mounted on this 
notched wheel are several con- 
tacts so located that one op- 
erates at the start of a test and 
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The time of the test is measured by a Leeds and Northrup 
synchronous timer which is operated on a special constant- 
frequency line from the radio laboratory nearby. ‘The clutch of 
the timer is operated by the contactor in the current-meter relay 
circuit. 

This laboratory is used most frequently in calibrating current 
meters for commercial purposes. 

At the Alden Hydraulic Laboratory of the Worcester Polytechnic 
Institute there is installed a circular rating station which has 
been used for the calibration of current meters and pitot tubes. 
This station, shown in Fig. €, consists essentially of a horizontal 
steel boom 84 ft long, pivoted at its center and rotated by a water 
wheel through a rope drive. The pond in which the meter is 
towed is from 6 ft to 10 ft deep, of irregular outline and is large 
enough so that any disturbed water passes out from the measuring 
circle between passages of the instrument. The speed of rota- 
tion is maintained constant by means of a centrifugal governor 
equipped with a friction brake. The maximum speed obtainable 
at the end of the boom is about 25 fps. 

Venturi meters and pitot tubes are calibrated at a great num- 
ber of college laboratories and at the National hydraulic labora- 
tory. At the University of Pennsylvania work may be done in 
any size pipe up to 16 in. The water which is taken from a 
stand pipe 6 ft in diameter and 40 ft high is discharged into 
two weighing tanks of 16,000-lb capacity each. These tanks are 
used in succession so that continuous measurements of the dis- 
charge are possible allowing a high degree of precision to be ob- 
tained. 

At the Alden Hydraulic Laboratory, shown in Figs. 7 and 8, 
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the others operate after 50, 100, 
or 150 current-meter impulses. 
The distance traveled by the 
ear during the test is indicated 
by a pair of darts, which are 
discharged by springs at the be- 
ginning and end of the run. 
These darts are shot into a 
wooden scale which is mounted 
on the floor beside the track. 
The shooting of the darts is con- 
trolled by the contactor in the 
current-meter relay circuit. 
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venturi meters and weirs are 
calibrated by means of a single 
weighing tank of 50,000-lb ca- 
pacity. The results of a long 
series of weighing-tank calibra- 
tions of a weir were published 
recently (14). 

Large venturi meters have 
been checked in place in the 
field by N. R. Gibson using his 
pressure-time method and by 
Prof. C. M. Allen using the 
salt-velocity method. 

At the National hydraulic 
laboratory, venturi meters may 
be conveniently calibrated by 
means of large volumetric tanks 
having capacities up to 35,000 
cu ft. 

In general, weirs are not 
considered measuring instru- 
ments of the highest precision 
in this country unless cali- 
brated as used, because the 
effect of the velocity of approach may so easily change the calibra- 
tion. Possibly the best known research work in this branch of 
hydraulics is the report of the long series of weir calibrations made 
at Cornell University by Schoder and Turner (12). The dis- 
charges were measured volumetrically in a standpipe 6 ft in 
diameter and 60 ft high. 

At the Massachusetts Institute of Technology a series of in- 
vestigations concerning the flow and pressure conditions in the 
nappe of a weir were made by Dr. Hunter Rouse and analyzed 
from the fluid-mechanics viewpoint (15). 

There has been considerable work done in recent years upon 
the calibration of sharp-edged orifices installed in a pipe line. 
At the Ohio State University a comprehensive investigation was 
made in cooperation with two engineering societies and a com- 
mercial company upon the flow of water through orifices (16). 
The discharge was checked in large volumetric tanks having 
capacities of about 7500 cu ft. The differential pressure was 
measured with mercury manometers for high heads, with water 
manometers for moderate heads and with differential hook-gage 
manometers for the very low heads. The effect of the location 
of the orifice in the pipe, the thickness of the orifice plate, and the 
effect of the location of the pressure taps were determined. 

This investigation was supplemented by an investigation at 
the Case School of Applied Science where a series of tests was 
made at very low Reynolds numbers using various heavy 
oils (17). 

There has been installed at the laboratory of the Worcester 
Polytechnic Institute a traveling screen for the measurement of 
the mean velocity in a concrete channel 5 ft wide, 5 ft deep, and 
120 ft long. It is possible to check the discharge by means of 
the large weighing tank. 
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FLow oF WATER IN Pipes AND CHANNELS 

There are many laboratories im this country which are in- 
terested in the flow of water in pipe lines and open channels. 
The interest in this subject is evidenced by the large number of 
papers and articles published recently on this branch of hydrau- 
lies. At the hydraulic laboratory of the University of Iowa, 
shown in Fig. 9, Yarnell and Nagler have reported upon the flow 
of water in 6-in. pyralin elbows (18). These elbows were made in 
various shapes, one being a standard short 6-in. pipe elbow. The 
flow was studied with threads, dye, and air bubbles and the coef- 
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ficient of loss and the velocity and pressure distribution were 
determined at the same time. A similar investigation was made 
at the Oregon State College by Mockmore. Prof. Ernest Schoder 
at Cornell University has recently completed an investigation of 
the losses in pipe bends of different radii, tees, and crosses. 

Prof. Bakhmeteff at Columbia University has done consider- 
able work on the flow of water in open flumes (19, 20). His mathe- 
matical deductions were checked by experiments in a glass-sided 
tilting flume 20 ft long, 22 in. deep, and 6 in. wide. 

In connection with the irrigation work of the Department of 
Agriculture in the western part of the country, F. C. Scobey has 
done considerable work determining the losses in open channels 
and flumes over a wide range in velocity (22, 23, 24, 25, 26). 
All of this work was done on the large irrigation canals after 
installation, the discharge being checked by current-meter meas- 
urements and by the color-velocity method. 

At the Alden Hydraulic Laboratory, Professor Allen has made 
a study of the dispersion of salt solution in flowing water in a 
penstock (21). The salt solution was introduced under a low 
pressure through a trailing pitot tube and the spread of the salt 
solution was determined by means of a grid of small electrodes 
located at a cross section in the pipe. The salt solution was 
introduced at various distances upstream from the grid. 

At the University of Illinois, an investigation is in progress 
upon the flow of water in glass pipes 2 in. in diameter (27). The 
velocity distribution in the pipe is being determined by taking 
motion pictures of oil particles in suspension in the water which 
are illuminated at right angles to the camera with a flat beam of 
light. The preliminary published results of this investigation 
indicated an accuracy of the velocity measurements of the order 
of 2 per cent. 

A study of the flow in vertical sewer pipes is being made at the 
University of Wisconsin and at the National Hydraulic Labora- 
tory (30). Since the pipe is not full of water, the flow phenomena 
are considerably different from the more ordinary cases. 

At the Universities of Purdue and Wisconsin, a series of in- 
vestigations are now in progress on the flow of fluids through 
sharp-edged orifices and over sharp-crested weirs. It is the pur- 
pose of these investigations to express the flow in terms of the 
fundamental properties of the fluids, i.e., viscosity, density, and 
surface tension. The hydraulic laboratory at Purdue University 
is shown in Fig. 10. 
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Lic STRUCTURES 


Probably the most popular branch of hydraulic-laboratory 
experimental work at the present time is the testing of model 
hydraulic structures, nearly all college laboratories being equipped 
to perform these tests. In general terms, all that is required for 


this type of work is a glass-sided flume, a suitable water supply, 
and a means of measuring the water used. 


The most common 
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model ratios range from 1:20 to 1:60. Practically all hydraulic 
structures installed at the present time have had the details of 
design checked by model tests but reports are rarely published 
due to the commercial nature of the work. Some of the work 
which has been done recently may be indicated by the title. 

At the Denver Office of the Bureau of Reclamation, tests were 
in progress on the Taylor Park Side Spillway, the Caballo Dam, 
the Imperial Valley Diversiun Dam and the Caballo Tunnel 
Outlet. At the Fort Collins laboratory of the same organization, 
a number of tests were in progress to determine erosion conditions, 
the pressure distribution on the face of the dam and the operation 
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of a drum erest gate for the Grand Coulee dam on the Columbia 
River. 

At the University of Iowa a number of studies were in progress 
on the characteristics of dams, gates, locks, and stilling pools to 
be used ip connection with the canalization of the Upper Missis- 
sippi River. 

Professor Straub of the University of Minnesota had two tests 
in progress on dams of the Northern State Power Company, 
studying erosion and pressure distribution. 

Professor Barnes at the Case School of Applied Science working 
in conjunction with the U. S. Army engineers of the Zanesville 
district has just completed a series of tests of eleven different 
dams and stilling pools for the Muskingum project. One of these 
is shown in Fig. 11. 

At the Alden Hydraulic Laboratory, tests have been made of 
the rock-fill dam, the navigation lock and the filling gates of the 
Passamaquoddy tidal-power project, erosion and_ pressure 
studies of the Holtwood Dam and hydraulic details of the Bark- 
hamstead reservoir for the city of Hartford. 

While not as recent as the models previously mentioned, a 
very interesting model was built at the Carnegie Institute of 
Technology in connection with the Chute & Caron Dam on the 
Saguenay River (31). Asa result of the tests a precast concrete 
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dam was successfully tipped into place in the river bed effecting 
the final closure of the diversion dam. 


River LABORATORIES 


Modeis of sections of rivers and canals have been quite widely 
used in recent years. There are two general types of river models: 
The first, in which a uniform scale is used, and the second, where 
a distorted scale is used. The first type of model is adapted only 
for a detail study of a section of the river where the scale ratio 
may be kept small, maintaining suitable velocities and depths 
in the model. Where it is necessary to study longer reaches of 
the river or where the river is shallow the use of the distorted 
model is necessary. Only a few examples will be given illustrating 
each type of these models. 

At the Alden Laboratory a 1:100 undistorted model was made 
of the Columbia River at the site of the Rock Island Dam. 
The model proper, shown in Fig. 12, was 34 ft wide and 64 ft long 
so that a reach of the river of about 1.2 miles was represented. 
The purpose of this model was to determine the performance of 
the spillways, necessary tailrace excavation, height of cofferdams, 
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necessary cofferdam removal, the head on the plant during con- 
struction and after completion, the handling of ice and many 
other problems in connection with the design and operation of 
the plant. 

At the Linnton Laboratory of the Army engineers of the 
Portland district there has been built an undistorted 1:100 
model of the Columbia River, for the reach including the Bonne- 
ville dam. This model, shown in Fig. 13, is 325 ft long and of 
varying width as determined by the topography of the river. 
This model is being used to determine about the same details 
that were stated for the Rock Island model test. In addition, 
that portion of the model river bed downstream from the spill- 
way may be made movable instead of fixed so that the formation 
of bars and the erosion of the riverbanks may be studied. 

At the Montrose laboratory of the Bureau of Reclamation a 
1:40 uniform scale model of the Colorado River at the Imperial 
Valley diversion dam was being constructed at the time of the 
inspection. The Colorado River at this point is relatively wide 
and shallow and carries a heavy load of material in suspension 
and along its bed. It was the purpose of this model to determine 
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the proper design of inlet and spillway works to avoid serious 
silting effects. 

The second class of models of rivers using a distorted seale is 
much more common. ‘The outstanding example of the use of 
distorted models is undoubtedly the United States Waterways 
Experiment Station at Vicksburg, Miss. This laboratory and 
its work have been ably described by Lieutenant Falkner. A 
large number of distorted models have been used at the laboratory 
of the University of Iowa in connection with the canalization of 
the Mississippi River. At the time of the inspection a model 
having a horizontal scale of 1:500 and a vertical seale of 1:100 
was being tested in a river flume 25 ft wide and 97 ft long. This 
model shown in Fig. 14, had a fixed bed and the purpose was to 
determine the velocity distribution and the hydraulic gradient 
of the river in the vicinity of the lock and dam. 

A model of the San Gabriel River mouth at the Alamitos Bay 
inlet was found in operation at the California Institute of Tech- 
nology (32). The vertical scale was 1:60 and the horizontal scale 
1:120. The purpose of this model was to study methods of pro- 
tecting the beach and to conserve an adequate river channel to 
the sea. The mechanism for producing the tides was very simple. 
The inflow to the model was set at a value equal to the maxi- 
mum rate of flow of the tide. The discharge valve was auto- 
matically operated by a time clock and had sufficient capacity 
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to discharge all the water admitted by the inlet valve and, in 
addition, drop the water surface at the required maximum rate 
of ebb of the tide. In order to have proper conditions for the 
study of the beach problem, a wave-making machine was in- 
stalled at the seaward side of the model and was designed to 
provide waves of the desired frequency and magnitude. 

At the University of California a distorted model of the mouth 
of the Columbia River was being tested to determine a stable 
and navigable channel for the river at and near its outlet to the 
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sea (46). This model, shown in Fig. 15, was 72 ft long and 42 ft 
wide and built to a horizontal scale ratio of 1:3600 and a vertical 
scale ratio of 1:64. The tides were controlled by a motor-driven 
cylindrical valve which provides a model duplication of the tides 
in nature. The effect of the upper reaches of the river and its 
tributaries which were affected by the tidal movement was dupli- 
cated by means of a labyrinth which was calibrated so as to pro- 
vide the proper velocities and hydraulic gradients at the up- 
stream end of the model. 

At the Massachusetts Institute of Technology there is being 
tested at the present time a model of the Cape Cod Canal. The 
horizontal scale is 1:600 and the vertical scale is 1:60. This 
model, shown in Fig. 16, is 115 ft long and 34 ft wide. The model 
was first constructed in December, 1934, to represent the present 
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canal. The hydraulic gradients existing in the model under 
various conditions were compared to the field data obtained on 
the actual canal. Having thus checked the performance of the 
model, the width of the canal was increased to correspond to the 
designed bottom width of 500 ft in the field. The effect of the 
proposed changes was determined together with possible im- 
provements in the design to assist navigation. 

An interesting feature of this test was the use of a new form 
of gage for determining the water elevation in the model canal 
without interfering with the flow. A vacuum-tube circuit was 
used, the change in condenser effect in the grid circuit causing 
changes in the current in the plate circuit which were read with 
a milliammeter. The condenser was formed by a plate fixed over 
the surface of the water and the water surface itself, with the air 
spacing between acting as the dielectric. The use of these gages 
permits practically simultaneous readings of the water level at 
a number of different points in the model, which is advantageous 
in determining the hydraulic gradient. The movable weirs at 
each end of the model which controlled the tidal effects, were 
operated to maintain the correct water levels by means of these 
gages working with a cam which was laid out from the observed 
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tidal cycle in nature. A more detailed description of this model 
will be published shortly. 

An unusual distorted river model has been constructed at the 
Carnegie Institute of Technology under the direction of Prof. 
H. A. Thomas for the study of flood waves in rivers. The vertical 
scale is 1:80, the width scale is 1:4000, and the longitudinal scale 
is 1:20,000. As built, the model has the proper areas and volumes 
but the proper hydraulic roughness is attained by allowing 
transverse fins of sheet metal to project into the flowing water. 
The hydraulic gradient of the model is adjusted under steady 
flow conditions to agree with that of the prototype by trimming 
the metal fins. One section of the model which corresponds to a 


reach of 60 miles of river has been tested with satisfactory 
results. 
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TRANSPORTIVITY 

With movable-bed models, the question of transportivity of 
material is of the first importance. A number of laboratories are 
working on this problem both in determining the fundamental 
laws of the phenomena and the action of bed movement in specific 
cases. The latter case usually is found in the river-model work 
which was described previously. ‘The more fundamental work is 
usually done with some specific sand in tilting flumes, determin- 
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ing the rate of movement of material under uniform flow con- 
ditions and adding material at the upstream end of the flume at 
the same rate that it is being removed at the lower end of the flume 
so as to maintain the amount of the material in the flume bed. 
Work of this nature was found in progress at the National hy- 
draulic laboratory, the Montrose laboratory of the Bureau of 
Reclamation, the University of Iowa, University of Minnesota, 
Worcester Polytechnic Institute, and at the Massachusetts 
Institute of Technology. The type of work being done may 
be gathered by recent publications on this subject. The work 
at the Alden laboratory was of a somewhat different nature since, 
in this case, the study concerned the building of a dam in tidal 
flow with rocks dumped from barges and cableways. The prob- 
lem here was to determine the path of the material in water 
moving at various velocities and the proper shape of the struc- 
ture to economically withstand the pressures developed. The 
45-ft glass-side tilting flume at the National hydraulic laboratory 
is shown in Fig. 17. 

A number of laboratories are engaged in research on percola- 
tion through soils, earth dams, and similar structures. These 
investigations are usually coupled with studies of the materials 
determining density, void ratios, cohesiveness, permeability, and 
such subjects which come under the general heading of soil me- 
chanics. 


Towina TANKs 


The outstanding towing tanks for the testing of ship models 
are those operated by the government. At the United States 
Model Experimental Basin there is a towing tank designed for 
the use of 20-ft ship models. The tank is 20 ft deep, 44 ft wide 
and approximately 350 ft long. This equipment was installed 
about 1900 and for many years it was the largest in the world. 

Recently a large towing tank has been installed by the United 
States government at Langley field. This tank is 24 ft wide, 12 
ft deep and 2000 ft long. The maximum speed which had been 
attained at the time of the visit was about 58 mph, but that is 
not the maximum speed obtainable. Due to the use of rubber- 
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tired wheels which were finish-ground in place, this high speed 
was obtained with no perceptible vibration. 

At the Stevens Institute of Technology and at the Newport 
News Shipbuilding and Dry Dock Company there are located 
tanks designed to accommodate 4ft ship models. — 

A large towing tank adapted for 10-ft ship models was in- 
stalled at the University of Michigan in 1906. This tank, shown 
in Fig. 18 is 300 ft long, 10 ft deep and 22 ft wide. A car, carried 
on steel rails, spans the tank and can tow a model at a maximum 
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speed of about 15fps. The drag of the model is recorded directly 
on & moving-strip chart together with the distance the car has 
traveled and the elapsed time in seconds. 

The models at this laboratory are cast in hard wax approxi- 
mately to shape and then cut to size at 0.5-in. intervals of eleva- 
tion in a special machine. ‘Two sets of motor-driven cutters are 
mounted on a pantograph so that both sides of the model are 
cut at once. The cutter position is determined by the location 
of a tracing point which is moved by the operator over the full 
model size longitudinal horizontal sections. 

The work done in this laboratory has been reported in the 
Transactions of the Society of Naval Architects. 


CONCLUSIONS 


In review, the following trends in laboratory practice seem to 
be apparent. 

There is a distinct tendency toward the use of more elaborate 
apparatus, particularly automatic balancing and recording in- 
struments. In the water wheel testing laboratories, for in- 
stance, a time clock is used to operate the revolution counter 
and provide, in addition, all the signals for a test run. In many 
cases the dynamometers are self-balancing. In the testing of 
ship models in towing tanks, all the data are recorded auto- 
matically. The use of automatic devices has been prompted 
by the desire for more accurate results and personal errors are 
thus largely eliminated. 

In the next place, there seems to be a very definite trend 
toward the use of larger models or smaller scale ratios. Here 
again, the reason for this is undoubtedly the desire for increased 
accuracy of the test results. A number of instances of the use 
of large models may be cited, such as the 1:15 model of the Grand 
Coulee dam, shown in Fig. 19, and the 1:40 model of the Colorado 
River at the Montrose laboratory, the 1:100 models of the Colum- 
bia River at the Linnton laboratory and at the Alden hydraulic 
laboratory, and the 1:600 X 1:60 scale distorted model of the 


Cape Cod Canal at the Massachusetts Institute of Technology. 

Finally, the laboratories in this country have increased much 
more rapidly in numbers than in size in recent years. That is 
to say, the development of laboratory work has not given us a 
few very large laboratories but rather a larger number of smaller 
installations. In some instances, small laboratories have been 
installed for the model tests of a single project. This deveiop- 
ment is usually prompted by the desire to maintain very close 
contact between the engineering design department of the project 
and the laboratory where the model work is being done. 

It is believed that this close contact is necessary for the best 
results. However, this same close contact can be effected by 
having a responsible engineer of the project working on the model 
tests at a laboratory best equipped for the particular type of 
test work regardless of the geographical location. This arrange- 
ment allows the full realization of the value of the experience of 
the laboratory director, both in laboratory technique and in 
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field hydraulic problems. It is believed that this phase of the 
problem is too frequently forgotten. 

In conclusion, it is seen that the college and commercial 
laboratories of this country and Canada are well equipped for 
investigations in all phases of hydraulic engineering. The 
research work found in progress included all branches of the 
science in spite of the fact that the financial situation had not 
been at all favorable for this type of work for several years 
previous to the inspection. 

The inspection trip upon which this paper is based was made 
possible by a John R. Freeman Scholarship granted by the Boston 
Society of Civil Engineers and by funds which were provided 
by the Alden Hydraulic Laboratory of the Worcester Polytech- 
nic Institute. 
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History and Present Status of Research and 
Specifications of Diesel Fuel Oil 


By A. E. BECKER! anp M. J. 


The authors refer to the need for specifications and a 
classification of Diesel fuel oils, and discuss what has been 
accomplished in this respect by the various organizations 
interested in the subject. The following properties of fuel 
oils are discussed to clarify the meaning of each in the 
specifications of fuel oils: Ignition quality, viscosity and 
pour point, carbon residue and ash, water and sediment, 
sulphur, and flash point. A review of objectives of fuel-oil 
research concludes the paper. 


Diesel fuel oil first arose about 1928 and publication of 
efforts. in this direction was made shortly thereafter (1).8 
Since that time much has been learned and, while the subject 
has been by no means exhausted, it is now fairly clear that the 
following known properties of fuel oil must be given attention 
not only in any attempt to set specifications but also in develop- 
ing fuels and engines: (1) Ignition quality, (2) viscosity and 
pour point, (3) carbon residue and ash, (4) water and sediment 
(5) sulphur, and (6) flash point. 
While investigation of any one of these properties will be 
concerned more or less with the others, it may be in the interests 
of clarity to discuss the various items separately. 


& PPRECIATION of the need for specifications covering 


QUALITY BY ENGINE Test Meruops 


By the term “ignition quality” is meant the degree of ease 
with which the fuel ignites and the rapidity with which it burns 


1 Standard Oil Development Company, New York, N.Y. Dr. 
Becker was graduated from Marietta College in 1909 with an A.B. 
degree. In 1917 he received a Ph.D. degree in physics from Harvard 
University. He served as instructor in physics at Tufts College, 
1911-1912 and as assistant in physics at Harvard University from 
1914 to 1917. During the war he was associated first with the 
National Advisory Committee for Aeronautics and then with the 
oil and lubrication branch of the Air Service, serving as a private in 
the Air Corps during last six months. He was connected with the 
Aluminum Castings Company in 1919-1920 as physicist, and in 1920 
entered the employ of the Standard Oil Company (N. J.) where his 
first work was in lubrication research. At present he is engaged 
almost entirely in fuel work both Diesel and gasoline. 

? Secretary, Diesel Engine Manufacturers Association. Mem. 
A.S.M.E. Mr. Reed was graduated in 1917 with a B.S. degree in 
engineering from the University of Illinois. He served as first 
lieutenant in the 135th Aero squadron of the U. S. Army until 1919 
at which time he entered the employ of the Ingersoll-Rand Company 
as sales engineer, later becoming engineer in the compressor engineer- 
ing department, and assistant to the manager of the oil and gas- 
engine department. From 1926 to 1929 he was engineer in charge 
of construction for J. B. Eurell Company, Philadelphia, Pa. Since 
1929 he has been with the Diesel Engine Manufacturers Association, 
as secretary. 

> Numbers in parentheses refer to Bibliography at the end of the 
paper. 

Contributed by the Oil and Gas Power Division and presented at 
the Ninth Annual Oil and Gas Power Meeting of THe AMERICAN 
Society OF MECHANICAL held at Ann Arbor, Mich., 
June 24-27, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1936, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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when injected into the cylinder of a Diesel engine. By this very 
definition, this quality is frequently the most important of any 
of those listed. The Diesel cycle depends for ignition on the 
injection of fuel into a heated mass of air so that the significance 
of ignition quality is obvious. The realization of the importance 
of this property is not new. As far back as 1919 attempts were 
made to link this with spontaneous-ignition temperature as deter- 
mined in a bomb (2). This work and subsequent bomb experi- 
ments have shown that the temperature required for ignition 
varies markedly with such factors as delay period, air-fuel ratio, 
atomization and turbulence. 

Subsequently it has been found that the temperature required 
for ignition in actual engines also varies with such factors (3). 
For those who may not be acquainted with these terms, brief 
definitions are as follows: 


1 Delay period is crank angle in degrees between the begin- 
ning of fuel injection and the point at which the pressure begins 
to rise rapidly as a result of combustion. 

2  Air-fuel ratio is the ratio of the weight of air in the cylinder 
to the weight of fuel injected. 

3  Atomization refers to the extent to which the fuel has been 
subdivided and dispersed in the process of injection into the 
cylinder. 

4 Turbulence is the degree of agitation of the cylinder con- 
tents (first air and later mixture), during injection and combus- 
tion. 

The modern laboratory engine method of investigating ignition 
quality dates from the experimental work of LeMesurier and 
Stansfield (3), Boerlage and Broeze (4), and Pope and 
Murdock (5). Boerlage and Broeze used a slow-speed engine 
and obtained variation in compression ratio by throttling the 
air inlet. Each fuel was compared with blends of cetene and 
mesitylene to determine the blend having the same delay angle. 
Later alpha-methylnaphthalene was substituted for mesitylene. 
Each rating was expressed as the percentage of cetene in the 
blend which matched the fuel under test. Pope and Murdock 
ran their tests using a modified CFR (Cooperative Fuel Re- 
search Committee) variable-compression knock-testing engine. 
The rating was expressed as “critical compression ratio,” this 
being the lowest compression ratio at which the fuel being 
tested would just ignite under controlled conditions of speed, 
temperature, injection advance and pressure, fuel quantity, and 
inlet air. 

Cooperation between these investigators further refined the 
engine testing method by improvements in the design of the 
CFR engine and the development of more exact apparatus for 
the determination of delay angle. A factor in the extension of 
this work was the formation of the so-called “Volunteer Com- 
mittee for Compression Ignition Fuel Research,” which is com- 
posed of members of the petroleum and Diesel-engine industries, 
actively engaged in experimental work with the modified CFR 
engine. The work of this committee is not yet finished, but 
great progress has been made (6). 

At this point it is well to point out that different batches of 
cetene used by the volunteer group varied somewhat in ignition 
quality, either because they were composed of varying per- 
centages of the several varieties of cetene or because of impurities. 
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In its efforts to make pure cetene, The E. I. duPont de Nemours 
Company found it much easier to prepare pure celane, a satu- 
rated hydrocarbon. Not only can this be more readily dupli- 
cated, but the committee members found that the ignition 
quality differed only slightly from that of cetene. Accordingly 
they have standardized upon cetane numbers rather than cetene 
numbers as had been originally proposed by Boerlage and 
Broeze. 

Some investigators have been approaching the problem of 
engine ratings from a somewhat different angle, namely, that of 
determining the octane number of a blend of 25 per cent. of the 
Diesel fuel under test and 75 per cent of a reference gasoline of 
known octane rating. The blending octane number of the Diesel 
fuel is then calculated from the rating of the mixture and that 
of the reference gasoline. It is claimed that such blending 
octane numbers correlate well with cetane numbers as deter- 
mined by the delay method. One must keep in mind, however, 
that such ratings are in an inverse relationship to cetane numbers; 
that is, the lower the blending octane number, the better the 
ignition quality of the fuel oil (7). 

A careful determination of cetane numbers by means of either 
the critical compression ratio or delay methods, involves a 
routine which requires considerable time. Apparatus has been 
developed at the Pennsylvania State College which gives promise 
of reducing the amount of time required per determination (8). 
There is also a possibility that the suggested method will result 
in greater accuracy. The apparatus aims to eliminate bouncing- 
pin difficulties of the delay method by the use of electrical 
apparatus for determining the required compression ratio of 
the test fuel for ignition at top dead center and a selected con- 
stant delay angle. 


Quatity BY Fuet-Property MEerHops 


The high cost of laboratory test engines and the specialized 
technical personnel required for their operation has led many 
investigators to attempt to find an index of ignition quality 
obtainable from fuel properties which are easily determined by 
routine laboratory methods. These investigators have de- 
veloped several such indexes based upon two or more properties, 
such as viscosity, gravity, aniline point and distillation tem- 
peratures. One of the first of these indexes to combine two 
properties is the so-called Diesel index (9), which is perhaps 
the most widely used today. This index, as well as viscosity- 
gravity constant (10), the boiling-point gravity number (11), 
and U.O.?. characterization factor (7) are means for expressing 
the paraffinicity of fuels, since engine and field work have shown 
that, in general, the more paraffinic a fuel, the better its ignition 
quality. In Diesel index, aniline point as a means of expressing 
paraffinicity is corrected by gravity. Likewise gravity is used as 
a modifying factor for viscosity or boiling point, as the case may 
be, in the other indexes mentioned. For details see the original 
papers cited in the Bibliography. Such indexes cannot be 
expected to be indicative of the ignition quality of fuels to which 
chemical substances classified as “‘dopes’’ have been added. 
As a matter of fact, for doped fuels engine methods give values 
which are not in line with correlation curves for standard com- 
mercial fuels. 

These indexes are already being used to a considerable extent, 
and the probabilities are that one of them will be adopted by 
common usage as a field method for estimating ignition quality 
even after an engine method has been standardized. However, 
the latter will always have to be the final reference. 


Viscosity AND Pour Point 


Viscosity has an important Learing upon fuel nozzle efficiency 
and handling from the storage tank to the engine cylinder. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Pour point must be considered along with viscosity in problems 
of storage and handling. 

Viscosity, gravity, and surface tension are the oil properties 
which affect the hydraulics of injection and spray dispersion. 
Much experimental work has been conducted on injection sys- 
tems and fuel sprays. In this country the work has been done 
principally at Pennsylvania State College and the Langley Field 
station of the National Advisory Committee for Aeronautics. 
The application of most of the findings has been on injection- 
system and engine design but it has been established that dis- 
persion becomes more even as viscosity is decreased (12). More 
exact information could be used on permissible variations in 
viscosity without change, or with minor changes only, of injec- 
tion-system adjustments. 

Early engine experiments on the effect of viscosity were mainly 
concerned with finding the maximum value which could be 
utilized without impairing efficiency. With the advent of the 
high-speed Diesel engine, the emphasis is now shifted to a con- 
sideration of the allowable minimum viscosity. To meet higher 
requirements of ignition quality and cleanliness, fuel producers 
have furnished oils of lower viscosities. Some engine manu- 
facturers contend that low-viscosity fuels cause nozzle and pump 
wear and reduction of pump volumetric efficiency. This con- 
tention is based almost entirely upon field results obtained under 
conditions where the effects of viscosity, if any, cannot be sepa- 
rated from the influence of dirt contamination. Experiments 
now being conducted may throw considerable light upon this 
subject. 


CARBON RESIDUE AND ASH 


Early investigation into the effect of fuel properties on engine 
operation laid great emphasis upon carbon residue as deter- 
mined by the Conradson method. Inspired by the A.S.M.E. 
Progress Report (13), a number of manufacturers ran tests on 
fuels containing 3 to 6 per cent Conradson carbon in the years 
1930 and 1931. Most of these tests were made using engines 
of relatively large cylinder dimensions, operating at what is 
today considered slow speed; the smallest engine used had a 
bore of 7 in. and was run at 650 rpm. The last tests along this 
line were conducted by the U. S. Navy at the submarine base 
at Groton, Conn., on an engine of about 10-in. bore running at 
375 rpm (14). 

Unfortunately, at the time when these experiments were con- 
ducted there was no practical means for determining the ignition 
qualities of the fuels tested or even much appreciation of the 
importance of this quality. Undoubtedly the test fuels did vary 
in ignition quality and therefore the test results were not con- 
clusive because poor operation and increasing fuel consumption, 
attributed at that time to higher Conradson carbon, may have 
been due to poor ignition quality. 

Diesel-engine manufacturers and oil refiners are agreed that 
limitation of Conradson carbon is still important. The exact 
limits for different sizes and types of engines are somewhat a 
matter of opinion although this, in turn, is based upon field 
experience. Some manufacturers and refiners feel that the 
quality of fuel which is supposed to be measured is not character- 
ized accurately enough by the Conradson determination. Vari- 
ous other tests have been suggested such as the combustion 
residue test recommended by the Atlantic Refining Company (15). 
If the Conradson test for carbon is really not indicative, some 
other test ought to be developed and standardized. Then there 
should be some systematic experimental work devoted to finding 
practical limits for carbon content of fuels intended for various 
types and sizes of Diesel engines. 

Carbon deposits in engines can be the result of causes other 
than Conradson carbon content. Some of these are poor spray 
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distribution, erratic injection and overloading, any one or more 
of which can give trouble even though the fuel may have low 
Conradson carbon. 

The Conradson carbon determination serves as a check on the 
amount of high boiling-point fractions in the fuel such as distill 
above 700 F. The limit on the amount of fractions boiling above 
this point is still being actively investigated. 

Ash in fuel oil is commonly believed to be a cause of cylinder 
wear. Refiners seem to experience no difficulty in producing 
practical fuels very low in ash contenx, so that there is today not 
much discussion along this line. It is commonly believed that 
dirt contamination is responsible for considerably more wear 
than can be attributed to ash content of the fuel as it leaves the 
refinery. 


WATER AND SEDIMENT 


The ignition quality requirements of high-speed engines are 
such that refiners have been forced to produce fuels so high in 
general quality that only traces of water and sediment are present. 
The problem is to prevent contamination from the time fuel 
leaves the refinery until it is consumed in the engine. Just as 
the gasoline user has had to learn to keep water out of gasoline, 
so must the Diesel operator learn to protect his fuel against dirt 
contamination. 

In so far as fuels for heavy-duty engines are concerned, there 
are few or no experimental data to show what effect, good or 
bad, water has when present in the usual amounts occurring in 
heavier fuels. The consensus is that it has no effect. It is 
generally known that sediment causes wear of fuel pump and 
other injection parts. Slow-speed heavy-duty engines, in 
general using higher-viscosity fuels, are less sensitive to this 
factor. Experiments now under way on the use of low-viscosity 
fuels should increase our knowledge in a quantitative way of the 
amount of dirt contamination that can be tolerated. 


SULPHUR 


The effect of sulphur is a controversial subject. It has been 
known for some time that sulphur causes corrosion of steel ex- 
haust lines and mufflers in intermittent and idling operation. 
On the other hand, numerous operators have used high-sulphur 
fuels in engines on more or less continuous duty without having 
observed any ill effects. This field experience comprises prac- 
tically all the information on the subject. 

Difficulties experienced in the oil fields where Diesel engines 
re operated on crude oils have been attributed by some to the 
ulphur content. The field data are such, however, that it is 
mpossible to segregate any effect of sulphur from that of the 
fine sand which is almost always present in crude oil. In any 
case, forms of sulphur, mostly hydrogen sulphide, which have 
been blamed for these troubles do not occur in refined fuel oils. 

Those who have made a study of Diesel fuels seem to be in 
agreement that sulphur does not present an important problem. 
There are still many users who are inclined to attribute all diffi- 
culties with fuel to its sulphur content. This point of view is a 
heritage from the past and will undoubtedly change when users 
become better acquainted with the experience of those who 
successfully use fuels of high sulphur content. 


Fiasu Point 


Apparently flash point is of little significance in so far as the 
operation of a Diesel engine is concerned. This is amply demon- 
strated by the fact that many engines in the oil fields successfully 
burn crude oils of low and high flash points. Flash point is of 
importance, however, because of fire hazards in storage and 
handling. Insurance regulations and state laws recognize this 
and include provisions for minimum flash point. 
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Recent U. 8. Navy ExpERIMENTS 


While it is impossible to cover all of the valuable work in 
progress or recently reported on, no résumé would be complete 
without a mention of the extensive experimental work during the 
past two years conducted by the U. S. Naval Engineering 
Experiment Station, Annapolis, Md. This work is of special 
interest to the Diesel industry because a most important angle 
in so far as the Navy is concerned is to be able to decide upon one 
specification for fuel to be used in all its equipment. Conclusions 
to date are based upon data obtained from not only laboratory 
test engines but also commercial engines similar to those in 
actual use on naval vessels. A series of 25 fuels, varying widely 
in ignition quality, and from 33 to 57 sec Saybolt-Universal 
viscosity at 100 F, from minus 40 to plus 30 F in pour point, 
from 0.004 to 2.12 per cent carbon residue, from 0.06 to 1.03 
per cent sulphur, and from 168 to 232 F flash point were investi- 
gated. The work is being extended to cover another series of 
twenty-five fuels. In the meantime no major conclusions have 
been drawn. Recommendations for Navy fuel specifications 
are given in Table 1. 


TABLE 1 U. 8S. NAVY SPECIFICATIONS FOR DIESEL-ENGINE 
FUEL OIL 


Flash point, closed-cup, minimum, F....................... 150 
Viscosity, minimum, Saybolt Universal at 100 F, sec......... 35 
Viscosity, maximum, Saybolt Universal at 100 F, sec........ 45 
Water and sediment, maximum, per cent................... 0.05 
Total sulphur, maximum, per cent....................... 1.00 
Carbon residue, maximum, per cent.................... 0.20 


90 Per cent distillation temp, maximum, F............... : 675 
Corrosion at 212 Negative 
45 


AMERICAN Society FOR TesTING MATERIALS CLASSIFICATIONS 


The demand for some classification of Diesel fuels was such 
that Technical Committee C of the American Society for Testing 
Materials appointed the Coordinating Subcommittee on Diesel 
Fuels early in 1934 with a commission to collect and classify data 
and to prepare tentative specifications if possible, and if not, some 
classification. 

The membership of this subcommittee is composed of 
representatives of the A.S.T.M. Technical Committee C, the 
Volunteer Committee for Compression Ignition Fuel Research, 
the A.S.M.E., the S.A.E., Diesel-engine manufacturers and fuel 
producers. The subcommittee drafted its first classification 
which was published by the A.S.T.M. in 1934. This was revised 
in minor respects in 1935 (16) and the subcommittee recom- 
mended slight further changes at the June, 1936, meeting of 
Technical Committee C. 

While present knowledge of the subject is too incomplete to 
permit of even tentative specifications, this classification has 
proved useful throughout the industry in an informative way. 
It is so widely known that it is not necessary to repeat it here. 
It is interesting to note that the recommended specifications of 
the U. 8S. Navy, previously mentioned, closely parallel the 
A.S.T.M. classification for a No. 1-D fuel. 


TO Bs Done 


From the point of view of engine design and performance, a 
satisfactory solution of the ignition-quality problem is essential. 
Such a solution will involve (a) the establishment of a standard 
laboratory-test method that will yield reproducible results and 
will correlate with performance in service, (b) the production of 
fuels of adequate ignition quality at a reasonable cost, and (c) 
design improvements that will make engines operate satis- 
factorily on a wider range of fuels. Satisfactory progress is 
being made by the Volunteer Committee, the U. S. Navy and 
others on (a), both individually and collectively. There is great 
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need for more correlation data between laboratory tests and 
commercial-engine performance, although some fuel producers 
have already made notable contributions. In so far as (b) and 
(c) are concerned, only the barest mention of possibilities is in 
order here. The increased adoption of supercharging, the resort 
to higher compression pressures, and refinements in injection- 
apparatus and combustion-chamber design will all, no doubt, 
contribute materially to the solution of the problem of ignition 
quality. At the present time the fuel-producers’ problem is com- 
plicated in many districts by the impossibility of using the same 
fuels for Diesel engines and household burners and thus obtain 
reasonable distribution costs for the former. When high-speed 
Diesels are widely enough distributed to justify separate fuel- 
distributing facilities universally, special refining treatments, 
now available, can and will be used. 

Of importance in connection with ignition quality is the subject 
of so-called “dopes,”’ or chemicals to be added to fuel to improve 
its rating. Not only must a successful dope be effective in this 
respect, but it should be safe to handle and ship, easy to blend, 
and low in cost. The last requirement would seem to be essen- 
tial in order to compete with improvement of fuel by refining 
methods or with wider acceptance of fuels by way of engine 
design. 

Present discussion about viscosity is centered around what 
minimum value can be tolerated without detrimental effect to 
injection parts and on what viscosity range can be handled 
without major adjustment of fuel-injection systems. An ac- 
cepted conclusion that low-viscosity fuels are entirely satisfac- 
tory would have the effect of materially widening the sources 
from which Diesel fuel can be drawn as well as minimizing the 
problem of low pour point. 

There is a need for study of better methods for preventing 
contamination of fuels with dirt during storage and in handling. 
There should be more thorough analyses of field difficulties 
commonly attributed to dirt or low viscosity, as the case may 
be, to determine which is really responsible. Those who contend 
that sulphur limits should be reduced should obtain any present 
data substantiating their position. If the Conradson test is 
not the proper one to evaluate the effect of residual carbon, a 
more indicative test should be proposed and, if generally accepted, 
limits for carbon content by such a test should be established by 
laboratory and field experimentation. As these various problems 
are solved, specifications for Diesel fuel will logically develop 
from the A.S.T.M. classification. 
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Square-Edged Inlet and Discharge Orifices 
for Measuring Air Volumes in the Testing 


of Fans and Blowers 


By LIONEL S. MARKS,' CAMBRIDGE, MASS. 


This is the third paper presented by the author to the 
A.S.M.E. on the flow of air in fan ducts. In the first 
paper,’ it was established that the normal flow in such 
ducts is vortical in character and that the use of straight- 
eners is necessary in order to obtain a reliable air-volume 
measurement. The second paper* contained proposals 
for (1) the adoption of a specified design of pitot tube as 
a standard in fan testing and (2) the use of square-edged 
inlet or discharge orifices for measuring air volumes ex- 
cept at or near maximum fan capacities. In the present 
paper, the results of an extended series of investigations 
on a simplified form of square-edged orifice are presented. 
The discharge coefficients obtained in these investigations 
are identical with those found in extensive German tests 
and adopted in the standard rules of the V.D.I. and by the 
International Standards Association. This agreement 
justifies the use of the coefficients for the large-sized 
ducts and the varieties of velocity distribution found in 
fan discharge ducts. The substitution of inlet and dis- 
charge orifice measurements for pitot-tube traverses and 
the adoption of these coefficients in a fan-testing code 
would, the author believes, greatly shorten and simplify 
the process of testing a fan and would make it more ac- 
curate. 


N A previous paper,’ the author discussed the devices avail- 

able for measuring the volume of air handled by a fan 

or blower. Comparing these various devices, the author 
arrived at the following conclusions: 

1 Rounded nozzles are the most accurate but their cost and 


inconvenience make them impracticable. 
2 Pitot-tube traverses can, in general, be made to give satis- 


factory measurements but demand much time for observations 
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and may lead to appreciable errors when used with fans which 
have a strongly pulsating discharge. 

3 Square-edged inlet and discharge orifices are as good as 
nozzles when their discharge coefficients are accurately known, 
and escape the disadvantages of pitot tubes. For a given size 
of duct, they can be used for a greater discharge capacity than 
nozzles and consequently permit the testing of fans for higher 
capacities than are possible when nozzles are used. 

4 Duet orifices were dismissed as impracticable on account 
of the greatly increased length of duct demanded for their use. 

At the time of writing last year’s paper,* there was available 
in the literature one set of values of discharge coefficients for 
inlet and discharge orifices‘ which appeared to be accurate 
and applicable to the testing of fans. A more recent develop- 
ment is the third edition of the standard rules of the Ver- 
ein deutscher Ingenieure for the measurement of flow of fluids 
through nozzles and orifices. The two previous editions of these 
rules covered only the use of duct or pipe orifices, that is, orifices 
preceded and followed by a considerable length of straight pipe 
or duct. Inlet and discharge orifices were not included. The 
third edition® gives discharge coefficients and other data on inlet 
and discharge orifices. The work of Stach‘ is quoted as supply- 
ing data for such orifices, but the coefficients for discharge orifices 
are not those found by Stach but are the slightly lower values 
found by Witte®’:5 for duct orifices. These are the coefficients 
given in the V.D.I. rules and adopted by the International Stand- 
ards Association. A tolerance of +1.5 per cent is proposed for 
the recommended coefficients,’ which is somewhat higher than 
the tolerance proposed by Stach.‘ 

A comparison of these coefficients is shown in Fig. 1, which 
gives both the V.D.I. coefficients and the Stach coefficients; 
the broken lines indicate the tolerance limit above and below 
the V.D.I. values. It will be seen that it is only for area ratios 
m (orifice area/duct area) greater than 0.6 that the difference 
between the Stach and V.D.I. values exceeds 1.5 per cent. No 
justification is given in the V.D.I. rules for the selection of the 
Witte values in preference to the Stach values, but the member- 
ship of the committee which made the selection is such as to give 
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Auslauf,”” by E. Stach, Zeitschrift des Vereines deutscher Ingenieure, 
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schung auf dem Gebiete des Ingenieurwesens, vol. 2 A, 1931, pp. 245, 
291. 

® “Neuere Mengenstrommessungen zur Normung von Diisen und 
Blenden,” by R. Witte, Forschung auf dem Gebiete des Ingenieur- 
wesens, vol. 5 A, 1934, p. 205. 
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great weight to their decision. In addition, it may be stated 
that the experimental work of the author reinforces their de- 
cision. 

The orifice shape, and the location and details of the pressure- 
measuring device, are carefully prescribed in the V.D.I. rules 
and are shown in Figs. 2 and 3. Fig. 2 shows acceptable arrange- 
ments of ring piezometers with openings at the orifice plate (corner 
taps). Fig. 3 is for larger sizes of duct and shows corner taps of 
drilled holes connected externally to an encircling pipe. 
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Fic. 1 DiscHarGeE COEFFICIENTS FOR SQUARE-EDGED ORIFICES 
RECOMMENDED IN V.D.I. Rutes CompareD WitTH THOSE DETER- 
MINED By E. STacH 


For the sizes of duct common in the testing of fans, the ring- 
piezometer arrangement is complicated and costly and apparently 
offers no advantage over the use of the drilled hole connections 
such as are shown in Fig. 3. The use of four drilled holes, spaced 90 
deg apart, has been investigated by the author. With air flowing 
in large ducts, with adequate length of duct, and with the use of 
straighteners to give a good velocity distribution across the duct, 
the differences between the static pressures measured at the 
four holes were found to be so small in all cases as to be negligi- 
ble. When connected toa ring of small pipe, as shown in Fig. 3, 


the difference between the average pressure (so-called) and the 


pressure at any one hole was usually too small to be measured. 


DISCHARGE ORIFICES 


The author’s investigations on inlet and discharge orifices 
reported in this paper were planned to extend the work of Stach 
to a larger duct size and to the conditions of air flow met in fan 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


testing. Another object has been to simplify the constructions 
used by Stach and recommended in the V.D.I. rules. 

In the effort to simplify the construction, it was decided to use 
one measuring tap and, for discharge orifices, to locate this with 
its center line 1 in. upstream from the orifice-plate surface. This 
location is known as a flange tap.’° Its use is justified, in pipes 
or ducts of fair size, by the fact that no differences are observable 
between a flange-tap pressure reading and a corner-tap reading 
until the ratio of orifice area to duct area becomes quite large. 
The precise limits for permissible use of flange taps have not been 
determined but flange taps are found to be satisfactory in a duct 
32.75 in. in diameter with an area ratio m = 0.8; and in a duct 
27.4 in. in diameter with m = 0.7. If there is any question as to 
the propriety of using a flange tap, it is always possible to sub- 
stitute a corner tap. 

The inside diameter of the flange-tap opening was the subject 
of investigation. It was found-that the readings became more 
consistent as the inside diameter was increased up to 0.25 in. 
and this dimension was selected as standard. The tap fitting 
must, of course, be flush with the inside duct surface. 

The Witte investigations®’*® indicate no desirable lower 
limit either to the thickness of the orifice plate or to the length of 
the cylindrical portion of the orifice. Investigations were made 
with orifice plates from 1/, to '/i. in. thick, in all cases with the 
cylindrical portion 1/j5 in. long in the direction of flow. No 
change in the value of the coefficients could be detected as the 
thickness was altered. In view of their cheapness, lightness, and 
ease of machining, the thinner plates were selected as standard. 
These were actually !/1. in. to */s2. in. thick so that there was no 
need to chamfer the orifices on the downstream side. The 
orifices were cut in a circular shear which has the effect of round- 
ing the edge of the orifice. It is essential that, on the approach 
side, the orifice bore should form a sharp corner with the orifice 
plate. For this reason, the projecting edge of the orifice is filed 
away and this edge must always be used as the upstream edge. 
Exact circularity of the orifice is not important when the diame- 
ter is large; the orifice area in an orifice 30 in. in diameter is 
affected negligibly by an out-of-roundness of as much as !/, in. 
The orifice plate must be so stiff that it does not vibrate under 
any condition of air flow. 

To sum up, the conditions finally selected for a discharge orifice 
for fan use are: 

1 An orifice plate '/i¢ in. to 3/3. in. thick. 

2 An orifice with sharp corners on the approach side and 
without chamfer on the discharge side. 

3 A flange tap with an inside diameter of !/, in. located 1 in. 
upstream from the orifice plate, except for very large area ratios 
or quite small ducts, when corner taps are to be substituted. 


INVESTIGATION OF DISCHARGE ORIFICES 


A calibrated well-rounded nozzle is the nearest approach to a 
primary standard for the measurement of large quantities of air. 
In the test arrangements for determining the coefficients of dis- 
charge orifices, it would have been desirable to have the air under 
measurement pass successively through a well-rounded nozzle 
and through the discharge orifice. With ducts up to nearly 60 
in. in diameter, such an arrangement involves a considerable 
length of duct and was too costly. In its place pitot-tube tra- 
verses were substituted for the nozzle, the accuracy of the pitot- 
tube traverses being first demonstrated by a series of preliminary 
runs in which the air, after being measured by a pitot-tube 
traverse, was discharged through a well-rounded nozzle. The 


10 ‘Discharge Coefficients of Square-Edged Orifices for Measuring 
the Flow of Air,’’ by H. 8. Bean, E. Buckingham, and P. 8S. Murphy, 
Journal of Research, U. S. Bureau of Standards, vol. 2, January- 
June, 1929, Research Paper No. 49, p. 561. 
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Fie. Ortrice Corner Taps oF DRILLED HoLes 
CoNNECTED EXTERNALLY 


pitot tube used was of the standard design proposed by the 
author in another paper.? The other proposals in the same 
paper® were also followed. 

These preliminary runs fully justified the adoption of a pitot- 
tube traverse as a secondary standard under the conditions of 
these tests. The differences between the pitot-tube volumes and 
nozzle volumes were not greater than 0.1 per cent in the majority 
of tests made. The maximum discrepancies were 0.9 per cent 
in one case and 0.5 per cent in another. 

In all, 170 determinations were made of the discharge-orifice 
coefficients but, of these, the majority were for the purpose of 
ascertaining the influence on the coefficient of such factors as 
orifice-plate thickness, location of pressure taps, and diameter 
of pressure taps. After these construction details were settled, 
determinations of discharge coefficients were made on three ducts 
with diameters of 32.75, 40.4, and 58.5 in., respectively. All 


TABLE 1 ORIFICE COEFFICIENTS RECOMMENDED IN 
V.D.I. RULES ¢ 


Orifice-area Discharge 
ratio m coefficient 
0.05 0.598 
0.10 0.602 
0.15 0.608 
0.20 0.615 
0.25 0,624 
0.30 0.634 
0.35 0.646 
0.40 0.661 
0.45 0.677 
0.50 0.696 
0.55 0.717 
0.60 0.742 
0.65 0.770 
0.70 0.804 
0.75 0.845 
0.80 0.900 


os Coefficients for orifice-area ratios m greater than 0.7 are those found by 
Witte.* The V.D.I. rules give coefficients only for values of m up to 0.7. 


AER-58-7 


0.92 
0.90 
0.88 
0.86 
0.84 | 
0.82 Tolerance 
0.80 
| 
0.78 
0.76 ] 
0.74 
< 
y 
Q 272 7 
O70} v.D.1. 
EL 
Marks* Values 
0.66 Z e Higher Fan Speeds 
Lower fan Speeds 
0.64 
/ 
0.62 Kg Single-Inlet Fan 
0.58 
04 Q6 as 1 


Orifice-Area ratio, m 


Fie. 4 DiscHarGe COEFFICIENTS FOR SQUARE-EDGED ORIFICES 
RECOMMENDED IN V.D.I. Rutes ComparepD WitTH THose 
MINED BY THE AUTHOR 


ducts were at least 10 diameters in length and pitot-tube tra- 
verses were made at a distance of 7.5 diameters from the en- 
trance end. 

The extreme range of orifice-area ratios investigated was from 
0.066 to 0.796, but the range was different for each of the three 
duct diameters. For each orifice-area ratio and duct diameter, 
determinations were made at two air speeds, the lower speed 
being high enough to give dependable pitot-tube indications. 
The results of these determinations are shown in Fig. 4. The 
coefficients recommended in the V.D.I. rules are given in Table 1 
and are plotted in Fig. 4 together with the coefficient tolerances 
recommended in the V.D.I. rules. The coefficients for values 


Orifice 
Fie. 2 Rina PrezomMeters Prescrisep V.D.I. Ru 
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of orifice-area ratios m greater than 0.7 as given in Table 1 and 
plotted in Fig. 4 are those found by Witte. The coefficients 
recommended in the V.D.I. rules are for orifice-area ratios up to 
0.7. 

Fig. 4 shows that the coefficients found by the author fall 
within the V.D.I. tolerance limits. The triangular and circular 
points at any one orifice-area ratio represent different air speeds 
and it appears that there is no constant direction of change of 
discharge coefficients with air speed. Some of the points were 
obtained with air discharging from a single-inlet fan, others from 
a double-inlet fan. The discharge coefficients for the single- 
inlet fan average slightly above those from the double-inlet fan 
but the magnitude of this difference is insignificant in view of 
the tolerance allowed. 

It may appear strange that a tolerance as high as 1.5 per 
cent is necessary for the discharge coefficient of an orifice. The 
tolerance proposed by Stach‘ was +0.8 per cent. In the author’s 
tests, in order to come within the tolerance of +1.5 per cent, 
it was found necessary to refine the pitot-tube differential-pressure 
measurements by the use of a Whalen gage'! and also to measure 
the drop in orifice pressure with a hook gage. The ordinary 
inclined-tube manometer was not accurate enough for this work. 
The variation shown in the ascertained values of the coefficients 
is believed due to variation in the pattern of the velocity dis- 
tribution of the air across the duct. The existence of this varia- 
tion is clearly shown in the pitot-tube traverses. 

The coefficients c of Fig. 4 and Table 1 include the approach 
factor. If the approach factor is given in the equation, and is 


not included in the coefficient, the coefficient becomes c’ = 


cV.1—m?. Values of c’ corresponding to the coefficients of 
Table 1 are as follows: 


m 0.1 0.2 0.3 


0. 0.5 
0.599 0.603 0.607 0. 


10 0.607 


0.6 
0.601 


4 0.7 0.8 
6 0.586 0.54 
It will be seen that these values do not depart much from 0.60 
until the orifice-area ratio m exceeds 0.6. This is the value of the 
coefficient for inlet orifices which have zero velocity of approach. 
The foregoing relationship is rational, since with small orifice- 
area ratios the condition of flow at a discharge orifice approxi- 
mates that at an inlet orifice except for the velocity of approach. 


INLET ORIFICES 


Discharge coefficients for flow of air through thin-plate inlet 
orifices were determined by Ebaugh and Whitfield’? for a duct 
27.25 in. in diameter and for pressure differentials of 0.1 to 2.0 
in. of water. They found that a static-pressure tap located 0.4 
of the duct diameter downstream from the orifice plate will 
measure the pressure differential with an accuracy within 0.5 
per cent for orifice-area ratios m ranging from 0.2 to 0.8. They 
found a coefficient of discharge of 0.601 for orifice-area ratios 
from 0.2 to 1.00 and for pressure differentials as low as 0.051 
in. of water. 

Stach,‘ using a thick-plate orifice, corner taps as shown in Fig. 
2, and a duct 10 in. in diameter, finds a coefficient of 0.60 with 
the following tolerances: 


0.49-0.69 
+0.5 


Orifice-area ratio m..... 


0.25 0.36 
Tolerances, per cent .... 1.3 


The V.D.I. rules prescribe corner taps and give a discharge co- 
efficient of 0.60 with a tolerance of +1.5. They also state that 


“Investigation of Warm-Air Furnaces and Heating Systems,” 
by A. C. Willard, A. P. Kratz, and V. S. Day, University of Illinois 
Engineering Experiment Station Bulletin No. 120, University of 
Illinois, Urbana, IIll., March, 1921. 

12 ‘The Intake Orifice and a Proposed Method for Testing Exhaust 
Fans,’’ by N. C. Ebaugh and R. Whitfield, Trans. A.S.M.E., vol. 56, 
1934, paper PTC-56-3, p. 903. 
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the flat, unobstructed diameter of the orifice plate should be at 
least 1.5 times the diameter of the orifice. (It may be noted 
that no such ratio existed for the case of m = 1.00 in the investi- 
gations of Ebaugh and Whitfield'? but that the coefficient was 
apparently unaffected thereby.) 

The agreement between the coefficients obtained by Stach,* 
using the corner taps, and by Ebaugh and Whitfield,'? using 
pressure taps located 40 per cent of the duct diameter down- 
stream from the orifice, becomes rational when we examine the 
static-pressure variation along the duct. In Fig. 5 of the paper 
by Ebaugh and Whitfield" are plotted curves showing the static 
pressures at the corner tap and at a series of taps downstream 
from the orifice. It appears that with a duct 22.7 in. in diameter 
and with orifice-area ratios up to 0.65, the static pressure changes 
very slightly from the corner tap to a distance of 40 per cent of 
the duct diameter. A justifiable inference from the curves is 
that the same conclusion would be true for even larger orifice- 
area ratios up to some undetermined limit but probably up to at 
least m = 0.80. 

The author has made a number of determinations of discharge 
coefficients of inlet orifices, using thin-plate orifices and the same 
location for pressure taps that was used by Ebaugh and Whit- 
field,'? namely, 40 per cent of the duct diameter downstream 
from the orifice plate. With a 30-in. duct, using eight orifices 
with orifice-area ratios ranging from 0.09 to 0.95, the discharge 
coefficient had a mean value of 0.601, which chances to be 
identical with the Ebaugh and Whitfield value. The extreme 
range in values was from 0.597 to 0.606, or a tolerance from the 
mean value of 0.8 per cent. 

The evidence available would seem to indicate that a square- 
edged inlet orifice is a very reliable device for measuring air and 
that the discharge coefficient is constant throughout a consider- 
able range of operating conditions. 


REYNOLDS-NUMBER LIMIT 


The discharge coefficients, both for inlet and discharge orifices, 
given in this paper, apply to turbulent flow and should be used 
only when the Reynolds number exceeds certain limits. If the 
Reynolds number is stated in the form R = DVp/p where D 
is the duct diameter and V is the velocity of flow in the duct, 
the limiting values of R for discharge orifices given in the 
V.D.1. rules are: 


ee 0.2 0.3 0.4 0.5 0.6 0.7 
5.0 7.5 10.0 12.5 15.0 17.5 
According to Stach‘ the values are: 

4.50 5.50 7.50 18 30 


The limits are not very definite and the coefficient does not 
change rapidly until the value of R& is considerably below the 
limit, so that the agreement between the V.D.I. values and the 
Stach values just given may be regarded as satisfactory. The 
value of the coefficient increases when FR falls below the stated 
limits but actual values have not been determined for inlet or 
discharge orifices. 

The stated limiting values of R are normally exceeded in fan 
testing. For example, using air of standard density (0.075 |b 
per cu ft) and a temperature of 70 F, p/u = 6.05 X 10° in ft-lb-sec 
units. Assuming a duct of 1 ft diameter and velocity of 10 
fps in the duct, R = 6.05 X 104. This value would probably be 
above the limiting value, since the low velocity assumed would 
normally correspond to a low orifice-area ratio. The conditions 
here assumed give as low a value of F as is likely to occur in fan 
testing. Any doubtful case should be calculated. 
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For inlet orifices, the limiting Reynolds number is given both 
by Stach‘ and in the V.D.I. rules® as 5.5 x 104. 


OrnerR Factors 


The V.D.I. rules® are intended to apply to all single-phase 
fluids and to orifices as smail as 0.1 in. in diameter. They in- 
clude a series of corrections to be applied to the discharge co- 
efficients. These corrections can in general be disregarded under 
the conditions met in fan testing. The correction for roughness 
of the interior surface of the duct is negligible for duct diameters 
in excess of 6 in. Similarly, the correction for departure from 
perfection of the square edge of the orifice becomes negligible 
for a 6-in. duct and an orifice-area ratio of 0.2. 

The discussion up to this point has assumed that air acts as a 
nonexpansible fluid. This assumption, while physically unjusti- 
fiable, leads to no appreciable error as long as the pressure drop 
through the orifice amounts to only a few inches of water. In 
the A.S.M.E. test codes, a fan is defined as having a maximum 
pressure rise of 1 lb per sq in.; above that limit the apparatus 
is called a compressor. Considering this upper limit and assum- 
ing that the whole of the pressure change occurs at the measuring 
orifice during the testing of the fan, the pressure differential in 
the orifice will be about '/;, of the absolute pressure of the de- 
livered air. The neglect of the expansibility of the air will then 
necessitate the use of the following correction factors: 


m 0.3 0.5 0.6 0.7 
Correction factor 0.977 0.975 0.973 0.970 


As the correction is practically in direct proportion to the pressure 
differential in the range of pressure differentials under considera- 
tion, it follows that with m = 0.7 and a pressure differential of 
0.2 Ib per sq in., or 5 in. of water approximately, the correction 
factor becomes 0.994. The correction factor, while negligible for 
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most fans, may be important when the pressure differential 
through the measuring orifice is high. 


Use or Impact TUBE 


The question was raised by the author in a previous paper? 
as to the feasibility of using an impact tube to determine the flow 
through an orifice, in the same manner in which it is so successfully 
used with discharge nozzles. It was thought that this might 
simplify construction and eliminate the question as to the 
desirable location of the pressure tap. This matter has been in- 
vestigated by the author. It appears that in fan discharge ducts 
the flow pattern of the stream discharging from an orifice is too 
variable to justify the use of an impact reading taken at any one 
specified location. For example, with large orifices it is often 
true that the impact reading at the center of the stream is lower 
than at either side of the center instead of being a maximum as 
found in the traverse of the discharge from a well-rounded nozzle. 


SuMMARY 


The author believes that the investigations herein reported, 
supporting and extending the work of earlier investigators, can 
safely be accepted as the basis of a greatly simplified and more 
accurate procedure in the testing of fans and blowers. In a fan 
or blower provided with either an inlet or discharge duct, the 
customary pitot-tube traverse can be replaced by a single observa- 
tion at an inlet or discharge orifice. 
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Undercooling in Steam Nozzles 


By J. T. RETTALIATA,' MILWAUKEE, WIS. 


This paper deals primarily with the effect of wall rough- 
ness on the flow of steam in nozzles; and secondarily with 
drop growth and the occurrence of initial condensation. 
It was found that roughness of the nozzle walls caused a 
retardation of steam flow and resulted in the Wilson line’s 
occurring at the 3.2 per cent moisture line on the Mollier 
diagram instead of at the 3.7 per cent moisture line as 
was found for a nozzle with smooth walls. In a specially 
designed nozzle drop growth was accomplished as evi- 
denced by the complete visible spectrum which resulted 
from the scattering of light by the expanding steam in this 
nozzle. Photographs of the condensation region show that 
condensation is not occurring at any point previous to 
where the eye sees it. These researches indicate that the 
location of the Wilson line on the Mollier diagram depends 
entirely upon the rate of change of velocity of the steam, 
and, therefore, cannot be fixed for all conditions. In 
accordance with this fact it is suggested that the term 
‘Wilson line’”’ is a misnomer and should be replaced by the 
more appropriate one of ‘‘Wilson zone.”’ 


on the flow of steam in nozzles. However, the field has not 

been fully covered and there are many problems yet to be 
solved. The research discussed in this paper was undertaken to 
investigate the influence of wall roughness on the flow of steam 
in nozzles; to ascertain whether drops could be made to grow in 
a specially designed nozzle; and to determine optically whether 
initial condensation was actually occurring in a nozzle at the same 
point where the eye detected it. 

In 1932 and 1933, J. I. Yellott (1)? investigated drop size and 
supersaturation by studying the flow of low-pressure steam 
through nozzles similar to those used in turbines. The original 
object of the investigation was to study the condensation of 
steam in an effort to discover how and when initial condensation 
occurs. It was desired to locate by experimental methods the 
Wilson line, which on the Mollier diagram represents the condi- 
tion at which initial condensation starts when steam expands 
in the supersaturated or undercooled state. 

The problem was attacked with the aid of light rays and 
applications of the laws of optics. If the initial condensation 
point could be seen, its pressure could be measured with a search 
tube, and in this manner some positive knowledge of super- 


‘Late HAS been a vast amount of experimental work done 


1 Engineer, Steam Turbine Department, Allis-Chalmers Manu- 
facturing Company. Dr. Rettaliata was graduated from Johns 
Hopkins University in 1932 with the B.E. degree. He returned to 
the university in 1932 and became engaged in graduate study under 
Prof. A. G. Christie. He received his doctor of engineering degree 
from Johns Hopkins University in 1936. While engaged in part- 
time graduate work Dr. Rettaliata served as head of the department 
of mathematics at the Baltimore College Center. 

* Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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Meeting of Tae AmerIcAN Society or MECHANICAL ENGINEERS 
to be held in New York, N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 11, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. . . 


saturation could be obtained. Also, the size of any droplets large 
enough to be seen could be determined to a reasonable degree of 
accuracy by means of the wave length of light reflected or 
scattered by them, according to Rayleigh’s principles. 

Yellott’s experiments formed a starting point for the author’s 
investigations and much of Yellott’s equipment was available 
for the researches described in this paper. The apparatus used 
is the same as that shown in Fig. 3 of Yellott’s article (1) except 
that the pressure was measured at point H instead of at G. 
This was done so as to obtain the pressure of the steam at the 
same point where its temperature was measured. 


EXPERIMENTAL WORK 


Nozzle A shown in Fig. 1 was the first to be tested. This 
was a smooth-walled nozzle similar to Yellott’s nozzle No. 1. 
A pressure traverse was made on nozzle A by moving the search 
tube along the nozzle axis and measuring the pressures by means 
of a Bourdon gage and mercury column. These readings were 
taken every 0.2 in. along the nozzle axis, except in the condensa- 
tion region where they were taken every 0.05 in. so as to get a 
more accurate conception of the pressure variation in this zone. 
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Fig. 1 Drwenstons or Nozzite Biocks 


The condensation region could be immediately detected by the 
occurrence of a dense bluish fog caused when the light was 
scattered by the moisture particles. 

The pressure traverses were run using inlet pressures of 44.7, 
49.7, 54.7, and 59.7 lb per sq in. abs, and corresponding back 
pressures of 32.8, 34.8, 37.6, and 39.7 lb per sq in. abs, 
respectively. Because of the better analysis that can be made 
of the results when they are in curve form, the data on the vari- 
ous nozzles are shown as such in Figs. 2 to 5, inclusive. 

The dashed curves represent the smooth nozzle. Analyzing 
the curve in Fig. 2, the steam expands regularly until a pressure 
of 19.6 lb per sq in. abs is reached and then there is an abrupt 
rise in pressure. After this, the steam expands regularly as be- 
fore. This abrupt rise in pressure occurs exactly at the point of 
initial condensation. This could be seen by turning on the are 
light and noticing that the search-tube pressure holes were 
exactly at the curved line denoting condensation when the 
pressure rise was recorded. The reason for this pressure rise at 
initial condensation will be explained later. 
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The expansion continues past initial condensation and reaches 
its lowest point at 16.2 Ib per sq in. abs. At this point recom- 
pression starts and continues until an absolute pressure of 26.4 
Ib per sq in. is reached. Next a slight drop in pressure to 26 lb 
per sq in. abs occurs, and after this the pressure increases to the 
back pressure. This curve was typical of every pressure traverse 
that was made on the smooth nozzle. 

The type of roughness that was adopted was obtained by mak- 
ing indentations on the surface of the nozzle blocks with a cape 
chisel. This type was selected as nearest to that which would be 
found in service where corrosion forms pit holes. Fig. 6 shows a 
comparison of the rough-walled and the smooth-walled nozzles. 

In the pressure traverses made on the rough nozzle, the same 
inlet and back pressures were established as with the smooth 
nozzle. The conditions were kept identical for comparative pur- 
poses. The results are shown in Figs. 2 to 5, inclusive, and were 
plotted on the same axes so they could be compared readily. The 
solid line represents the rough nozzle. 

Again referring to Fig. 2, the steam expands regularly from 
the inlet condition in the rough nozzle until a pressure of 20.5 
lb per sq in. abs is reached, and then the abrupt pressure rise at 
initial condensation is encountered as in the case of the smooth 
nozzle. This pressure rise, however, occurs at a higher pressure 
in the rough nozzle than in the smooth nozzle. This difference 
will be explained later. After initial condensation the steam ex- 
pands regularly as before until it reaches its lowest pressure at 
17.9 lb per sq in. abs. This low-point pressure is higher than the 
low-point pressure that occurred in the smooth nozzle. 

Comparing the two expansion parts of the curves, the steam 
expanding in the smooth nozzle has a higher pressure than the 
steam in the rough nozzle until a pressure of 33.5 Ib per sq in. 
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abs is reached, at which point they intersect. After this inter- 
section, the steam in the smooth nozzle expands more rapidly 
and to a lower pressure than the steam in the rough nozzle. These 
expansion curves are in direct agreement with those of Mellanby 
and Third (2) in their work on rough- and smooth-walled converg- 
ing nozzles. From the appearance of these curves it is evident 
that the roughness of the walls retards the expansion of the steam 
in the converging portion of a nozzle. 

Undercooling will now be discussed to explain the higher con- 
densation pressure occurring in the rough nozzle. The condi- 
tion of the steam at the initial condensation point is determined by 
assuming the expansion to the Wilson line to be isentropic. The 
condensation point can be found on the Mollier diagram by 
following the entropy line on which the initial condition is located. 
The intersection of this entropy line and the line representing the 
pressure at which condensation was observed will be the initial 
condensation point. This expansion is shown in Fig. 7. 

The point A represents the initial steam conditions. The 
constant-entropy line from A crosses the saturation line at B 
and this would be the condensation point if the expansion were 
slow enough to proceed under conditions of equilibrium. How- 
ever, in the case of the smooth nozzle, the steam is expanding so 
rapidly that condensation is not allowed sufficient time to start at 
B, and undercooling results. Consequently, without equilibrium 
present, the condensation point for the smooth nozzle is at D 
instead of B. The pressure corresponding to point D is repre- 
sented by the line P, which is the condensation pressure in the 
smooth nozzle. The expansion in the rough nozzle is not suffi- 
ciently slow to have equilibrium conditions present, resulting in 
condensation at B, nor is it rapid enough (due to roughened walls 
which decrease th. steam velocity) to permit condensation to 
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occur at D, as in the case of the smooth nozzle. Hence, some 
point C, between B and D, will be the condensation point for the 
rough nozzle. Therefore some pressure P, at C will represent 
the condensation pressure in the rough nozzle and is higher than 
P,, the condensation pressure in the smooth nozzle. 

An explanation of the occurrence of the abrupt pressure rise 
at initial condensation can be given as follows: As the steam 
passes from the undercooled state, condensation begins and the 
condensed water droplets throw their latent heat back into the 
vapor portion of the steam mass. Essentially, the volume 
occupied by the steam at the termination of the undercooled state 
is momentarily the same as that at the beginning of condensation. 
Therefore, the latent heat liberated by the water droplets heats 
the steam at practically constant volume which raises the 
pressure. J. H. Keenan (3) in his discussion of Yellott’s paper (1) 
presents a mathematical treatment of this abrupt pressure rise at 
initial condensation. 

Referring again to Fig. 2, after the steam in the rough nozzle 
has expanded to its lowest pressure, it recompresses rather 
quickly at first and then there is a gradual rise in pressure until 
the back pressure is reached. It is to be noted, however, that in 
no case does a slight drop in pressure occur after recompression 
as in the smooth nozzle. This is also shown in Figs. 3, 4, and 5. 

This phenomenon is caused by the roughened walls retarding 
the rate of compression. Therefore, the pressure rise is gradual 
until the back pressure is reached. In the smooth nozzle, how- 
ever, due to this lack of retardation, the recompression proceeds 
with such rapidity that there is an overcompression to a higher 
pressure, and a resultin, fall in pressure in a lower portion of the 
nozzle. 


These secondary recom) ression effects in a nozzle were also ob- 
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served by Stodola (4). He interpreted these extraordinary surges 
of pressure to be the realization of Riemann’s (5) theory of com- 
pression shock, that is, the rapidly moving steam particles im- 
pinge upon a mass of steam giving way too slowly and are thereby 
compressed to a higher pressure. Experiments carried out later 
by Stodola show that this recompression always involves a greater 
or lesser detachment of the steam jet from the nozzle wall. 

The general shape of the curves shown in Figs. 2 to 5, inclusive, 
is the same, in that each shows an overexpansion and then a 
recompression to the back pressure. When the recompression 
attained a pressure corresponding to that at which condensation 
occurred, a dark spot was noticed in the steam flowing through 
the nozzle which was caused by reevaporation of most of the 
water droplets. Whether or not an abrupt pressure change would 
occur at this reevaporation point on the recompression line 
would depend upon the rate of change of pressure during com- 
pression. That is, when the change of pressure is very rapid, 
evaporation may occur at a higher pressure than that of equi- 
librium, and a restoration to conditions of equilibrium would be 
accompanied by a fall in pressure due to the abstraction of latent 
heat of vaporization. Evaporation occurs under conditions other 
than those of equilibrium when steam is desuperheated by the 
injection of water into it. In this process it has been observed 
that water droplets have continued to persist even in this atmos- 
phere of superheated steam, thus indicating a removal from 
equilibrium conditions. 

The Wilson line is located on the Mollier diagram by the 
method described in Yellott’s paper (1) which is equivalent to 
assuming an isentropic expansion from the initial condition to the 
condensation pressure (represented by extending the superheat 
pressure lines into the wet region), and then an isenthalpic change 
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from these extended pressure lines to the conventional pressure 
lines in the wet region. 

The rough nozzle affects undercooling of the steam by changing 
the location of the Wilson line that was found for the smooth 
nozzle. The data that were used to locate the Wilson line are the 
same that were plotted in the pressure traverses in Figs. 2 to 5 
and are shown in Table 1. Using these data for the rough nozzle, 


TABLE 1 RESULTS OF TESTS ON ROUGH AND SMOOTH 
NOZZLES 


Initial Condensation pressure, 
ressure, Initial lb per sq in. 

: lb per sq temp, Rough Smooth 
Point in. abs F nozzle nozzle 
A 59.7 301 33.3 32.2 
B 54.7 298 28.8 26.1 
4 49.7 297 24.5 22.9 
D 44.7 294 20.5 19.6 


the Wilson line was found to be located near the 3.2 per cent 
moisture line on the Mollier diagram as shown in Fig. 8, wherein 
points A, B, C, and D represent initial conditions and points A’, 
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B’, C’, and D’ represent conditions at condensation for the rough 
nozzle. Points D and D’ refer to Fig. 2; points C and C’ refer 
to Fig. 3, ete. The Wilson line for the smooth nozzle was found 
to lie around the 3.7 per cent moisture line as shown in Fig. 9. 

This difference in location of the Wilson line can be explained 
very effectively when consideration is given to the time element 
during expansion. Goodenough (6) has pointed out that “a 
change of state with equilibrium constantly maintained is an 
ideal process which is never realized, and which if realized would 
require infinite time. Equilibrium represents a static, dead con- 
dition. Any movement from an equilibrium state must be pre- 


ceded by a disturbance of equilibrium, and the more rapid the — 


change, the greater is the departure from equilibrium.” A sample 
calculation will be performed to determine the time interval which 
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elapses after the expanding steam crosses the saturation until it 
reaches the Wilson line on the Mollier diagram. For comparative 
purposes this time interval will be determined for the smooth and 
the rough nozzle. The conditions depicted by Fig. 5 will be used 
in the calculations. 

The velocity of the expanding steam at any point is given by 
the equation 


V = [1] 


where, V = velocity, fps; « = nozzle efficiency, expressed as a 
decimal; and H = isentropic heat drop from an initial condition 
to the selected point, Btu. 

In particular, the velocity of the steam at the saturation line 
may be expressed by 


V, = 223.8\/eH, 


where, H, = isentropic heat drop from the initial condition to the 
saturation line, Btu. 

Likewise the velocity of the steam at condensation may be 
obtained from 


V, = 223.8+/eH, 


where, H, = isentropic heat drop from the initial condition to the 
condensation point, Btu. 


Enthalpy 


Entropy 
Fie. 7 
The average velocity of the steam from the saturation line to 


the condensation (or Wilson) line may be expressed by the rela- 
tion 
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149.2 
[2] 


The conditions given by Fig. 5 for the smooth nozzle are: 
t;= 301 F; p, = 59.7 lb per sq in. abs; p, = 55.0 ib per sq in. 
abs; p, = 32.2 lb per sq in. abs; « = 99.5 per cent assumed 
nozzle efficiency; and », = 7.31 cu ft per lb. 

The specific volume at condensation v,, can be calculated 
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Entropy 
Fie. 8 Diagram SHowING Witson Line LOCATED AT 
3.2 Per Cent Moisture LINE FOR THE RouGH Nozze 


from the perfect gas relationship po” = constant, where n = 1.3. 


This gives 
0.768 
= 7.31 | 4 = 11.75 cu ft per lb 


The isentropic change in enthalpy from the initial pressure 
to the condensation pressure for undercooled conditions is given 
by the equation 


from which is obtained 


144 1.3 
H ———_ | 50.7 X 7.381 — 32.2 X 11.75 
7% 1.3— il ] 


= 46.95 Btu 
The isentropic change in enthalpy H,, from the initial pressure 


to the saturation pressure is found to be 6.36 Btu from the 
Mollier diagram. 


Substituting the values for H,,H,, and ¢ in Equation [2), the 
average velocity from the saturation line to the Wilson line is 


149.2 0.995 
(46.95 — 6.36) 
1121 fps 


(6.36)*/*| 


Vave = 


The distance D traversed by the steam in the smooth nozzle 
during the interval of expansion from the saturation line to the 
Wilson line is found from Fig. 5 to be 0.5 in. 

Therefore the time interval z which elapses after the expanding 
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steam crosses the saturation line until it reaches the Wilson line 
on the Mollier diagram is given by 


z= D/Vavg = 0.50/(12 X 1121) = 3.71 X 10-5 sec 


By a similar reasoning the time interval for the rough nozzle, 
with an assumed nozzle efficiency of 97 per cent, is found to be 
4.68 X sec. 

By a comparison of the time interval and also referring to 
Goodenough’s statement (6), it can be seen that the expansion 
in the rough nozzle approaches infinite time (and hence equi- 
librium) closer than the expansion in the smooth nozzle. There- 
fore, the Wilson line for the rough nozzle will lie closer to the 
saturation line (which represents conditions of equilibrium) 
than the Wilson line for the smooth nozzle. 

The size of the moisture droplets in the rough nozzle was cal- 
culated from the von Helmholtz (7) equation to be 7.37 « 10-8 
cm in radius, and those in the smooth nozzle to be 6.35 * 1078 
em in radius. It is evident that this retarded expansion allows 
more time for droplet growth. 


THEORETICAL NOZZLE 
In the case of each nozzle previously tested, the expansions, as 
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can be seen from the pressure traverses, have not been uniform. 
Therefore, a theoretical nozzle was designed to give a uniform 
pressure drop per inch of length along the nozzle axis. A sketch 
of this nozzle is shown as nozzle RP in Fig. 1. The pressure tra- 
verse as designed would give a straight-line expansion curve. 
The nozzle was designed for inlet conditions of 55 lb per sq in. 
abs, 305 F, a back pressure of 10 lb per sq in. abs, and 100 per 
cent efficiency. 

The results of the pressure traverses made on this nozzle are 
shown in curve form in Fig. 10. The straight dashed line repre- 
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Fig. 10 Resutts or Tests on Nozze B 


sents the pressure traverse for which the nozzle was designed. 
The solid line A represents the actual pressure traverse obtained 
when the nozzle was tested under the conditions for which it was 
designed. On curve A, the pressure is continuously falling as the 
steam expands in the nozzle, that is, at no point does a recom- 
pression take place as was the case with the other nozzles tested. 
When the steam flow in this nozzle was viewed with the carbon 
are turned on, a slight bluish haze, denoting preliminary conden- 
sation, was noticed at a point in the nozzle corresponding to the 
3.5-in. ordinate on the scale. At the 2.4-in. ordinate the familiar 
darker blue color denoting ultimate condensation was observed. 
Referring to these two ordinates in Fig. 10, there is a leveling off 
of the curve which is due to the liberation of the latent heat of 
condensation (which occurs at these points) tending to raise the 
pressure. 

The nozzle was next tested under inlet conditions for which it 
was designed, but with a back pressure of 21.5 lb per sq in. abs. 
Curve A shows the expansion to be the same as before until the 
0.8-in. ordinate is reached where the pressure begins its rise to the 
back pressure as shown by the dot-and-dash line D. 
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The nozzle was then tested under a set of conditions entirely 
different from those for which it was designed, namely, inlet 
conditions of 44.7 lb per sq in. abs, 280 F, and a back pressure of 
8.3 lb per sq in. abs. The results of this test are shown by curve 
B in Fig. 10. The expansion is similar to that uader conditions 
for which the nozzle was designed as shown by curve A. 

The most valuable results from the tests of this nozzle were the 
observations of different colors seattered by the moisture particles 
in the steam. After the blue color, denoting ultimate condensa- 
tion, there came yellow, orange, and red colors giving the rest of 
the complete visible spectrum. The size of the moisture particles 
in the steam is a function of the wave length of the color of the 
light which it scatters. It will be remembered that as the visible 
spectrum proceeds from the violet to the red, the wave length of 
the light is increasing. Therefore, the size of the drops of moisture 


Fig. Stream Fiow in Nozz_te A PHOTOGRAPHED THROUGH 
GREEN Fitter. Note THE WIRE TANGENT TO THE CURVE OF INITIAL 
CONDENSATION 


Fig. 12 Steam Fiow 1n Nozzte A PHOTOGRAPHED THROUGH A 
Copatt Guass Fitter. THe Wire Is Stitt TANGENT TO THE 
Curve or INITIAL CONDENSATION 


in this nozzle is increasing as the steam expands. This could be 
expected, because the long throat in the nozzle retards the 
rapidity of the expansion and gives the drops of moisture more 
time to grow. Hence, in commercial nozzle designs, it would be 
desirable to eliminate any long throats or parallel sections which 
encourage drop growth, for it is the large droplets that are most 
destructive to the low-pressure blading of a steam turbine. 


INITIAL CONDENSATION 


With every nozzle that was tested during this research, the 
initial condensation always scattered light of a blue color. The 
possibility of the initial condensation scattering violet light (of 
shortest wave length in the visible spectrum), which was not be- 
ing detected by the eye, suggested itself. This could occur be- 
cause of the nature of the intensity curve of the violet light and 
the sensitivity curve of the eye in the violet region. However, 
the violet light, if present, would sensitize a photographic plate. 
An experiment was then performed on nozzle A shown in Fig. 1. 
A wire was fastened across the glass cover plate so that when 
viewed from above by the eye the wire appeared to be tangent 
to the curved line denoting initial condensation. The purpose of 
this wire was to locate definitely the position of ultimate conden- 
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sation as seen by the eye. This arrangement was photographed 
through a green filter on a hypersensitive panchromatic photo- 
graphic plate. The green filter was used because, due to the wave 
length of green light, it would enable a photograph to be taken 
that would depict the arrangement exactly as the eye saw it. 
The view obtained is shown in Fig. 11. The same arrangement 
was next photographed through a cobalt glass filter on an iso- 
chromatic photographic plate. This use of the cobalt filter would 
give a picture that would reveal the violet light if any were pres- 
ent. The result obtained with the cobalt filter is shown in Fig. 
12. Figs. 11 and 12 are identical in that the wire is tangent to 
the curved line of initial condensation in both, indicating that the 
initial condensation is occurring exactly as the eye sees it. 

If any condensation were occurring previous to that seen by 
the eye it would be indicated in Fig. 12, by the appearance of a 
white region to the left of the wire. 

Figs. 11 and 12 substantiate the location of the initial conden- 
sation line as determined from the pressure rise in the pressure 
traverse at condensation. 


RESULTS AND CONCLUSIONS 


The investigation discussed in this paper was intended pri- 
marily to determine the effect of wall roughness on the flow of 
steam in nozzles. Secondary objects were to ascertain whether 
drops could be made to grow in a specially designed nozzle, 
and to determine optically whether initial condensation was 
actually occurring in a nozzle at the same point where the eye 
detected it. 

It was found that wall roughness, causing a retardation of 
steam flow, made the point of initial condensation occur at a 
higher pressure and farther downstream than in the smooth- 
walled nozzle. This caused the Wilson line to occur at the 3.2 
per cent moisture line on the Mollier diagram for the rough- 
walled nozzle, instead of at the 3.7 per cent moisture line as was 
found for the smooth nozzle. This difference in location of the 
Wilson line can be explained when consideration is given to the 
time element during expansion. Calculations revealed that in 
the case of the rough nozzle the time interval which elapses after 
the expanding steam crosses the saturation line until it reaches the 
Wilson line is 4.68 X 10-5 sec, whereas for the smooth nozzle it is 
3.71 X 10-§ see. Hence, more time is allowed for condensation 
to oecur in the rough-walled nozzle which results in the Wilson 
line lying closer to the conventional saturation line (which repre- 
sents 2 condition allowing infinite time for the occurrence of con- 
densation). 

The complete visible spectrum was observed in nozzle B shown 
in Fig. 1, indicating a growth of the droplets during the slow ex- 
pansion of the steam in the nozzle. These results show the de- 
sirability of eliminating, in actual turbine design, any long 
parallel passages that would give the droplets time to grow and 
result in more rapid deterioration of the low-pressure turbine 
blading. 

The radius of the droplets in the smooth nozzle was found to be 
6.35 X 10-8 em at the beginning of ultimate condensation. The 
droplet radius in the rough nozzle, however, was 7.37 1078 
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em, indicating that the retarded expansion in this nozzle allows 
the droplet more time to grow. 

By employing special filters, photographs of the condensation 
region show that condensation is not occurring at: any point 
previous to where the eye can detect it. 

These researches indicate that the location of the Wilson line 
on the Mollier diagram cannot be fixed for all conditions, but 
that initial condensation depends entirely upon the rate of change 
of velocity of the steam. The Wilson line is located at lower 
moisture contents up to 4 per cent, the location being dependent 
on the rate of change of the steam velocity. In accordance with 
this fact it seems that the term “Wilson line” is a misnomer and 
should be changed to ‘‘Wilson zone” because of its variable loca- 
tion. The term “Wilson line” may, on the other hand, be con- 
sidered as the lower limit of the condensation zone. The upper 
limit is indeterminate and depends, as noted previously, upon 
the time rate of flow of the jet. In the experiments covered by 
these studies, this upper limit appeared to be at about the 2 per 
cent normal moisture line on a Mollier diagram. The initial 
condensation zone on a Mollier diagram, therefore, covers that 
portion lying between the 2 and 4 per cent normal moisture 
lines. 

Yellott, in more recent determinations not yet published, 
has found the Wilson line for the smooth nozzle to lie between 
the 4 and 5 per cent moisture line on the Mollier diagram. This 
difference between Yellott’s and the writer’s results for the smooth 
nozzle can be expected because of the variable time rate of flow 
existing depending upon the equipment used. It is not likely 
that any two experimenters would exactly duplicate each other’s 
location of the Wilson line; but their findings should lie within 
a certain zone. 
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Turbine Supervisory Instruments 


and Records 


By J. L. ROBERTS! anp C. D. GREENTREE,? SCHENECTADY, NEW YORK 


This paper includes a description of a set of instruments 
for the electrical measurement and detection of such me- 
chanical quantities as shaft eccentricity, bearing vibra- 
tion, shell expansion, and interference or rubbing of rotat- 
ing parts. It also contains an analysis of typical, as well 
as special, starting- and loading-sequence records taken 
on a 160,000-kw steam and a 20,000-kw mercury-vapor 
turbine generator, and conclusions which pertain to 
the adaptability of the instruments to turbine opera- 
tion. 


HE GENERAL Electric Company has developed tele- 
{ie recording instruments to meet the demand for pro- 

tection and supervision, from a remote point, of large 
turbines. These instruments measure and record the shaft ec- 
centricity, bearing vibration, and shell expansion, and also de- 
tect interference or rubbing of rotating parts. 

The installation of turbine supervisory instruments on existing 
central-station turbines has brought to light considerable new 
and unexpected data pertaining to the mechanical operating 
characteristics of large turbines. These instruments were origi- 
nally conceived as vital adjuncts to the remotely operated out- 
door power-generation plant. The absence of any large, remotely 
operated plant, has precluded the testing of these devices under 
intended conditions, but their operation for the past two years on 
a 160,000-kw steam-turbine generator set at the Hudson Avenue 
station of the Brooklyn Edison Company, and on the 20,000-kw 
outdoor Emmet mercury-vapor turbine-generator set of the 
New York Power and Light Company at Schenectady, N. Y., 
has shown their adaptability and value to attended station 
turbine-generator equipment. 


NEED FOR INSTRUMENTS 


To insure safe and successful performance in the starting, 
stopping, and normal running of turbine generators it has been 
necessary to rely, to a great extent, on the power of observation 
of turbine operators and their ability to describe that which took 
place. Starting cycles and normal running instructions were 
prepared by the manufacturers for individual units recommending 
the procedure to follow. The recommendations were based on 
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sity in 1913, with a degree of B.S. in electrical engineering. He 
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cepted until January 11, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


observations of hundreds of machines in service, and in general 
have provided safe but probably conservative technique for 
individual machines. 

Based on experience gained with individual units, operators 
have modified their practice. Unusual conditions, both within 
and without the turbine, influence the manner in which the tur- 
bine should be operated. To obtain the greatest efficiency from 
any given station, it is necessary that the individual turbine- 
generator units be capable of being started in the minimum length 
of time and operated without any danger of impairing their 
efficiency or mechanical performance. 

The instruments provide the operator with an indication and 
also a permanent record of mechanical performance throughout 
the starting period and subsequent running time. These perma- 
nent records permit all interested individuals to review the past 
operation of the turbine and plan the future operating method 
to be employed, instead of having to rely on the opinion of one 
operator. The instruments are designed for continuous opera- 
tion and are practically independent of line-voltage changes be- 
tween the limits of plus or minus 5 per cent. 


EccENTRICITY RECORDER 


The complete eccentricity-recorder unit consists of the record- 
ing instrument and the control unit, the detector coil, mounting 
yoke, turning-gear switch, shaft ring, and 500-cycle power which 
is furnished by a small motor-generator set. 

The detector coil is mounted on a yoke attached to the turbine 
foundation, and presented to a ring on the turbine shaft. Any 
eccentricity of the shaft changes the gap between the coil and the 
shaft ring which induces variations in the 500-cycle current. 
This varying current feeds into the control unit, the output of 
which operates a photoelectric recorder. The recorder measures 
shaft eccentricity in thousandths of an inch throughout the 
range from turning-gear speed to synchronous speed. The scale 
may be adjusted to meet the individual requirements. The 
reading is independent of shaft shift, that is, of long-time lateral 
or of vertical displacements or of climbing of the shaft in its 
bearings. 

It is necessary to have two ranges of sensitivity, one for opera- 
tion at turning-gear speed and the other for all higher speeds. 
This is controlled automatically by a switch on the turbine, 
operated by the turning-gear mechanism, so that the correct 
sensitivity range is automatically obtained without attention 
from the operator. However, the records are dissimilar and the 
chart will indicate whether the turbine was on turning-gear 
or steam operation at any time. By pressing a calibrating 
button, which supplies a known input to the control unit, the 
accuracy and maintenance of calibration may be checked when 
so desired. 

This instrument provides accurate knowledge of the shaft ec- 
centricity and makes it possible to start and put the turbine back 
on the line after a shutdown in a shorter time than formerly, 
when eccentricity values were inadequately known. Without 
this knowledge it is necessary to allow ample time, in the interest 
of safety, to assure the straightness of the shaft, whereas, with 
it, the condition of the shaft is known at all times and the operator 
can govern his starting cycle accordingly. 
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VIBRATION-AMPLITUDE RECORDER 


A complete vibration-amplitude recorder unit consists of the 
recording instrument, amplifier, time switch, push-button sta- 
tion, and the detector units. 

A vibration-detector unit is mounted on each of the turbine 
bearings on which the vibration amplitude is to be measured. 
These detector units are seismographically mounted electro- 
magnetic devices which transform the mechanical vibrations to 
voltage variations by means of a coil moving in a permanent-mag- 


Fie. 1 PANELS FOR TURBINE SUPERVISORY INSTRUMENTS 
(From left to right the panels record eccentricity, vibration amplitude, 
expansion, and interference.) 
net field. These detectors are connected to a vacuum-tube ampli- 
fier. The recorder is a standard type of recording voltmeter. 
Standard full-scale deflection is approximately 0.01 in. and the 
scale is marked in vibration amplitudes of thousandths of an 
inch. It is expanded for the small values of vibration amplitude 
so that an indication of 0.001 in. causes a deflection approxi- 
mately 40 per cent of full scale. This enables the reading of 
amplitudes as small as 0.00025 in. The scale may be adjusted 
to meet individual requirements. The device will record the 
amplitude of bearing vibration at any frequency from 10 to 30 

or 60 cycles per sec for 1800-rpm or 3600-rpm machines. 

The one recording instrument may be used for all of the detec- 
tors for one machine. This is accomplished by passing the signal 
from each detector unit through a telechron motor-driven switch, 
thus connecting each detector in turn to the amplifier and re- 
corder for a definite time interval. In addition to this motor- 
driven switch, there is a push-button station which interrupts 
the normal circuits and permits the reading of the vibration 
amplitude as picked up by any one of the detectors, regardless 
of the normal connection through the time switch at any moment. 


A calibrating button is provided which will supply a known 
input to the amplifier, so that the accuracy and maintenance of 
calibration may be checked at any time. 

The continuous and accurate knowledge of the vibration 
amplitude of several bearings obtained with this instrument 
provides a much more convenient, sensitive, and reliable check 
on their operation than the general practice of periodic, portable, 
hand-operated instrument readings taken by an operator. 


EXPANSION RECORDER 


A complete expansion recorder consists of a recording instru- 
ment and a displacement unit. The displacement unit consists 
of a voltage-dividing resistor mechanically rotated by the dis- 
placement to be measured. The position of the divider arm, ex- 
pressed in terms of current, determines the reading of the recorder. 
The remote recorder indicates expansion from cold conditions on 
a linear scale graduated in tenths of an inch. 

This displacement unit was developed primarily to measure 
relative linear expansion movements between the turbine and its 
foundation, wherever such measurements are required. 

As with the other instruments a continuous reading of the 
amount and rate of expansion is an improvement over the inter- 
mittent checking of the chisel marks on the turbine by an operator. 


INTERFERENCE DETECTOR 


The complete interference detector consists of a high-gain 
amplifier, headphones or loud-speakers, and the detector unit or 
units. The interference detector was developed to replace the 
listening rod which, when placed against various parts of the 
turbine, transmits the internal noises to the ear. This detector 
operates on the electromagnetic principle, that is, a voltage pro- 
portional to the velocity of vibration is generated between a coil, 
partaking of the vibrations in the casing, and the seismographi- 
cally mounted magnetic field. The measurement of velocity pro- 
vides a better index of vibration energy than measurement of am- 
plitude because energy is proportional to the square of velocity. 

The interference-detector units and the amplifying system 
have a relatively flat frequency-response characteristic extending 
into the upper range of audibility. Thus a more faithful re- 
production of the turbine noises is obtained than can be expected 
from long rods placed against the metal parts, with their at- 
tendant poor ear-coupling characteristics and natural period 
limitations. 

Several detector units scattered about the turbine at strategic 
points can be used if desired. These, connected to a high-gain 
amplifier through a selective switching mechanism, will give a 
loud-speaker sound many times greater than the usual listening 
rod. The tremendous amplification available is of particular 
value when starting the turbine at which time little or nothing 
ean be heard with a listening rod. 


MECHANICAL CHARACTERISTICS RECORDED 


Shaft Eccentricity. The eccentricity recorder measures the 
eccentricity of the turbine rotor shaft on the prolongation of the 
shaft extending beyond the bearing. Several temperature and 
loading factors will cause the shaft to assume a curvatures for 
varying lengths of time. Some of these factors are (1) unequal 
application of heat around the periphery of the shaft, (2) sudden 
increments of heat (sudden loads) causing the shaft to distort by 
unequal absorption of heat, (3. rubbing of the shaft, and (4) 
misalignment of the bearings. 

Such a curvature, occurring throughout the length of the rotat- 
ing shaft between the bearing supports, not only produces undue 
mechanical stresses in the shaft, but will reduce the clearances 
between the shaft and the packing glands, and between the wheel 
rims and the diaphragm nozzles. Above a certain degree of 
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curvature, actual rubbing will take place, causing the packing 
glands to rub off, thus increasing the steam leakage and reducing 
the efficiency of the machine, and in extreme cases, causing 
material damage. 

Due to this curvature, shown in Fig. 2, the end of the shaft pro- 
jecting from the bearing will have a displacement of its center, 
and consequently of its periphery, once every revolution. Thus, 
the gap between a point A, stationary in space, and the surface of 
the shaft, will increase and decrease, once per revolution, by an 
amount dependent on the degree of curvature. It is at this point 


POINT A 


POINT A 

€ oF 
TURBINE ROTOR 


BEARING 


BEARIN 


Fic. 2.) Heat Distortion oF TURBINE Rotor 
and by a measure of this varying gap that eccentricity is deter- 
mined. 

Bearing Vibration. The vibration-amplitude recorder shows 
the vibration amplitude of each of several bearings on the tur- 
bine-generator set in repetitive sequence. The vibration present 
in any particular bearing will vary from time to time. Some 
of the factors affecting this variation are (1) alignment of the 
bearings, (2) unbalance of rotating parts, (3) distortion of shaft 
during starting, (4) load, and (5) structural rigidity. 
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Quite apart from the damage to the bearing caused by excessive 
vibration, it has long been recognized that an abnormal increase 
in bearing vibration is an indication of changed conditions, gener- 
ally leading to trouble. 

Shell Expansion. The expansion recorder shows the change in 
the length of the turbine shell or casing, when more or less heat, 
in the form of steam, is admitted to the turbine. Changes in 
turbine load, and especially the enormous change from room tem- 
perature to operating temperature when starting the turbine, 
produce these variations in the length of the shell. 

In order to retain the small clearances between the rotating 
and stationary parts of the turbine, it is necessary to have the 
shell expand axially in unison with the shaft. Should the ex- 
panding shell stick in the foundation slideways, terrific stresses 
would be set up and rubbing between the stationary and rotating 
parts might occur. It is of particular interest to know, in addi- 
tion to the amount of expansion, whether the expansion is taking 
place uniformly or in a jerky manner. 


TypicaL STARTING SEQUENCES 


Fig. 3 shows the simultaneous eccentricity, vibration ampli- 
tude, and expansion records of a typical starting sequence taken 
on the high-pressure unit of a 160,000-kw turbine-generator set 
before the turbine bearing misalignment, discussed later, was 
corrected. Reading the records in the direction of time progress, 
from right to left, there are three distinct operation phases. 

First is the period of turning-gear operation, when the turbine 
is being turned over very slowly, about 11/; rpm by a motor drive. 
During this phase of operation, the width of the band record, 
irrespective of its vertical position on the chart, is a measure of 
the amount of eccentricity. This is shown at the upper right- 
hand corner in Fig. 3. In this range, one small division on the 
chart represents 0.001 in. Not until the turbine is rolled by 
steam, at the completion of the turning-gear phase, does the 
recorder switch to the 14/jo0-in. scale shown at the extreme left of 
the record. During turning-gear operation, this record shows the 
relatively small eccentricity to vary from 0.005 to 0.007 in. 
During this same interval, the vibration-amplitude recorder 
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shows less than 0.00025 in. vibration amplitude. This vibration 
is structure-borne from adjoining machines. The expansion 
remains constant during this turning-gear period. Since it 
takes many days for a turbine of this size to cool to room tem- 
perature, an expansion of approximately 0.37 in. remains, even 
though the steam has been shut off for 24 hr. 

The second operation phase, that of bringing the turbine up to 
speed, lasts from the time when the turbine is first rolled by steam 
until it is phased-in and the generator closed on the bus. During 
this period, the record shows the eccentricity to have increased 
but slightly, from 0.007 to 0.008 in. Several sharp variations in 
eccentricity occur prior to putting the machine on the bus. 
These mark the passage of the machine through a structural 
vibration resonance, and the effect of this resonance is clearly 
shown on the vibration-amplitude record in Fig. 3 immediately 
beneath the eccentricity record. At synchronous speed, this 
resonance has disappeared. The vibration amplitude does not 
become appreciable until the turbine has attained a speed of 
approximately 1500 rpm. 

The final operation phase of a starting sequence is the assump- 
tion of load by the turbine. The most interesting phenomena 
occurred during this period, especially in connection with eccen- 
tricity. On this particular 160,000-kw turbine, the assumption 
of load almost invariably caused the shaft eccentricity to first 
decrease to zero and then increase to a value roughly proportional 
to the rate of load increase. This sudden decrease to zero eccen- 
tricity is probably due to a reversal of shaft curvature. 

When the load is held relatively constant, the curvature works 
out of the shaft, as the forces and temperatures attain relative 
constancy. As shown in Fig. 3, this reduction is abruptly inter- 


rupted by the rapid assumption of much greater loads. When 
the load again becomes constant, the curvature works out of the 
shaft almost as fast as it went in, and the eccentricity falls to and 
remains at a relatively low value. 

One of the most startling observations appearing on these 
and similar records is that the bearing vibration amplitude does 
not respond, except in a very minor degree, to a large increase 
in eccentricity. It appears as though the rotor acted like a free 
floating body with little or no reaction on its points of support. 

The records obtained during the starting of a small turbine are 
somewhat different from those just discussed for a large turbine. 
Fig. 4 shows a typical starting sequence on a 20,000-kw Emmet 
mercury-vapor turbine. There is no turning-gear mechanism 
on this turbine. The eccentricity present when first rolled by 
mercury vapor disappears almost entirely while coming up to 
speed, nor does it show any appreciable increase upon the subse- 
quent assumption of load. The turbine supervisory instruments 
on the mercury-vapor turbine have, in addition to the eccen- 
tricity, vibration-amplitude, and expansion recorders, an inter- 
ference recorder which records the noises present in the turbine 
shell instead of making them audible by means of a loud-speaker 
system. The sounds produced by the release of the emergency 
oil-trip mechanism and the oscillation of a governor valve show 
up clearly. 


Errect or TurRNING-GEAR MECHANISM 


It has been known for some time that the rotor shaft of a large 
turbine will take on a semipermanent curvature when permitted 
to stand at rest for a few hours or more due to the difference in 
temperature caused by convection currents between the top and 
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bottom of the turbine casing. It is to eliminate or work out this 
assumed curvature that the aforementioned turning-gear mecha- 
nisms have been installed on many turbines. That the duration 
of turning-gear operation, and the amount of eccentricity present 
when the turbine is first rolled by steam, have a decided effect on 
the subsequent values of eccentricity is clearly shown by the 
records on Fig. 5. The longer the turning-gear period, the smaller 
the eccentricity at the end of this period, and in consequence the 
less the eccentricity during the coming-up-to-speed period. To 
a lesser degree, this diminished eccentricity level carries over into 
the assumption of load phase. 

The eccentricity records shown in Fig. 5 were all made prior 
to the correction of the bearing misalignment of this particular 
machine, while those shown in Fig. 6 were made after this turbine 
was overhauled and the misalignment condition rectified. 

These later records, Fig. 6, show the same general contour and 
response characteristics to a starting sequence as those appearing 
in Figs. 3 and 5. While the eccentricity values on these later 
records are less than before, it will be noticed that the rates of 
load assumption are also smaller. Nor did the vibration ampli- 
tude of the bearings give any markedly different response to an 
increase in eccentricity from formerly. 

This comparison of several eccentricity starting records shows 
that approximately the same time interval elapsed between the 
start of the turbine by steam and its connection to the bus, re- 
gardless of the previous length of turning-gear operation or the 
amount of eccentricity. These starts were made in accordance 
with the standard practice recommended by the manufacturer. 
Providing other factors such as vibration and expansion are 
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satisfactory, it is quite possible that a turbine can be put on the 
line in less than the usual time interval if the eccentricity is less 
than a predetermined value. When, however, the turning gear 
mechanism is not used at all, the record for which is shown at the 
bottom of Fig. 5, more than the usual amount of time should be 
taken. 


TURBINE RecorDs ARE SIMILAR 


On any given turbine, similar starting sequences or loading 
cycles give similar records. The general contour of the eccentric- 
ity records which are shown in Figs. 5, 6, and 7 are very similar. 
While the eccentricity response and values on the smaller 
turbine, Fig. 7, are markedly different from those on the large 
turbine, it is a common characteristic of both that with con- 
tinued operation at uniform heat flow the eccentricities quickly 
diminish. 

Errect or Suppen Loapina 


During long periods of operation at relatively constant load 
the eccentricity remains uniform and of small amplitude. Prior 
to the correction of the bearing misalignment, any sudden in- 
crease of load produced a rapid and distinct change in eccen- 
tricity. The top record in Fig. 8 shows the effect of jumping 
the load from 50,000 kw to 90,000 kw in less than 10 minutes. 
A very rapid increase in eccentricity was produced by this action 
and an almost equally rapid decrease occurred when the load 
steadied at the higher value. 

After the turbine was overhauled and the bearing alignment 
corrected similar sudden increases in load, from 50,000 to 90,000 
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kw, produced no eccentricity response at all. 
the lower record of Fig. 8. 


This is shown in 


Errect or Vacuum VARIATIONS 


This same lower record in Fig. 8 shows a very interesting 
eccentricity response when the load was reduced to approxi- 
mately 50,000 kw to permit condenser cleaning operations. 
The condenser on this machine is so designed that water can be 
removed from successive sections for the purpose of cleaning the 
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tubes while the turbine is operating. This action causes changes 
in the loading of the turbine-exhaust flange as well as variation 
of the temperature in the exhaust. The readjustment within 


the turbine to meet these changed conditions is shown on the 
lower record of Fig. 8. 


Errect oF BEARING MISALIGNMENT 


Subsequent to certain loading sequences and at definite loading 
values, an abnormal type of eccentricity record was obtained on 
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the 160,000-kw turbine. This condition appeared on the record 
chart shown in Fig. 9 as a wide, irregular band quite at variance 
with the normal relatively narrow line. There was nothing in 
the detecting or recording circuits which could of themselves 
cause this type of record. Investigation showed the phenomenon 
to be caused by the shaft itself. Oscillograph records disclosed 
that the end of the high-pressure shaft projecting beyond No. 1 
bearing, where the eccentricity is measured, had, in addition 
to the cyclical eccentricity, quite irregular and random motions 
which were taking place at frequencies below and above the 
1800-rpm, 30-cycle rotation frequency. 

A special loading sequence was applied to the turbine and the 
records shown in Fig. 9 were obtained. The first sudden load 
application from 50,000 to 80,000 kw produced the normal change 
in eccentricity. However, the change took place in the form of 
a reversal of the curvature so that on the record it appears as a 
decrease to zero followed by an increase. When the load reached 
80,000 kw and remained stationary at that point, the eccentricity 
again reduced to zero and the direction of curvature may have 
reversed once more. Prior to the beginning of this special load- 
ing sequence, the vibration-amplitude time switch had been re- 
connected so that the vibration of bearings Nos. 1 and 2, at the 
front and rear ends of the high-pressure unit, would appear in 
repetitive sequence rather than the usual 1-2-4-6-bearing se- 
quence. In addition to this change, a vibration-velocity measur- 
ing instrument was attached to the steel cover of the jaw-type 
semirigid coupling between the high-pressure and low-pressure 
units, that is, between bearings Nos. 2 and 3. This instrument 
was attached to a recorder so that a record of the vibration veloc- 
ity in the coupling cover plate could be obtained simultaneously 
with the usual records. 

As soon as the load and eccentricity started to change, the 


vibration amplitude of No. 1 bearing decreased, while that of No. 
2 bearing increased. In addition, the vibration velocity in the 


coupling cover plate showed a marked increase. After the load 
had steadied at 80,000 kw, the vibration amplitudes of Nos. 1 
and 2 bearings again approached equality. During the second 
phase of the special loading sequence, the load was increased from 
80,000 kw to 130,000 kw and then held constant. Shortly after 
reaching the 130,000-kw level, the wide-band record previously 
mentioned began to appear. After a little more than 1 hr at this 
load level, the wide band diminished appreciably. In the same 
manner as before, the vibration amplitude of No. 1 bearing de- 
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creased and No. 2 increased. By the time the load was decreased 
to 95,000 kw, almost 2 hr after reaching the 130,000-kw level, 
Nos. 1 and 2 bearings again had approximately the same vibra- 
tion amplitude and the vibration velocity on the coupling cover 
plate had decreased to its initial value. 

The decrease in vibration amplitude of bearing No. 1, when an 
increase was expected, coupled with the random motion of the 
end of the high-pressure shaft led to the conclusion that, during 
these load-level increases, the high-pressure shaft was partly 
lifted clear of No. 1 bearing, and that the whole high-pressure 
unit was operating as an outboard shaft from No. 2 bearing. 
This action would take place if No. 3 bearing were out of align- 
ment and the jaw-type semirigid coupling between the low-pres- 
sure and the high-pressure units was unable to correct the mis- 
alignment between the two shaft sections when subject to in- 
creased loads. The jaw coupling became, in effect, a very rigid 
coupling and the greater weight of the low-pressure unit acting 
through this rigid coupling and utilizing No. 2 bearing as a ful- 
crum, lifted the outboard end of the lighter high-pressure unit 
off No. 1 bearing. The vibration-velocity record showed greatly 
increased stress in the coupling. This reasoning would require 
No. 3 bearing to be low and it was predicted that such was the 
case. When the turbine was subsequently taken down for over- 
haul, it was found that No. 3 bearing had settled 0.021 in. 


CONCLUSIONS 


1 Shaft eccentricity provides a quicker and much more defi- 
nite measure of the mechanical conditions within a turbine than 
the former criterion of bearing vibration. 

2 The reduction in shaft eccentricity due to turning-gear 
mechanisms, may, when indicated by turbine supervisory instru- 
ments, be utilized as one of the factors to permit quicker starting. 

3 Records of shaft eccentricity, bearing vibration, and shell 
expansion made with turbine supervisory instruments, supply suf- 
ficient data for the correct diagnoses of complicated troubles such 
as the change in bearing alignment mentioned in this paper. 

4 The permanent records supplied by these instruments not 
only provide the operator with immediate information on the 
mechanical conditions within the turbine, but permit the perform- 
ance to be studied and analyzed later, at leisure. 

5 While the instruments were developed primarily for remote 
outdoor operation of turbines, these records show that they are 
of prime value on any turbine. 
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Superposed-Turbine Regulation Problem 


By A. F. SCHWENDNER! ann A. A. LUOMA,? PHILADELPHIA, PA. 


This paper gives a description of the hydraulic governing 
system used on Westinghouse superposed turbines. It 
also attacks from a theoretical standpoint some of the 
governing problems encountered on superposed turbines. 
The problems specifically attacked are (1) stable syn- 
chronizing, and (2) stable operation on the line with an 
exhaust-pressure regulator in action. 


INTRODUCTION 
‘pe SUPERPOSED back-pressure turbine presents prob- 


lems of control which are more difficult than those encoun- 

tered so far for condensing turbines. The heat drops are 
usually low, leading to enormous steam flows even for moderate 
capacities. Since there is no limitation imposed in connection 
with exhaust area, 3600-rpm turbines can be used up to the limit 
of the generator capacity. This leads to an abnormally small 
spindle inertia when compared to condensing turbines. 

Regardless of the great difference in turbine characteristics, 
the regulation requirements are identical with those of con- 
densing turbines. The regulating requirements are: (1) The 
governor should be stable when the turbine is being synchronized, 
and (2) the governor must be stable when the turbine is running 
on the line and carrying load. 

With the turbine on the line and carrying load, changes in 
steam flow will depend on exhaust, steam demand, and the type 
of regulation required by the overall efficiency of the particular 
power plant. The superposed turbine may run as an individual 
unit exhausting steam into the low-pressure boiler header. The 
steam flow, and consequently load carried by the superposed 
turbine, is determined by the power-plant load and steam de- 
mand, and is controlled by the governor speed changer. In 
another case, the superposed turbine only supplies steam to one 
or several low-pressure turbines. In this case the governor will 
have to respond to the varying flow demand of the low-pressure 
units and keep the pressure in the low-pressure header within 
close limits. The load on the superposed turbine will be deter- 
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mined by the steam demand of the low-pressure units, and will 
be controlled by a speed governor which will also respond to the 
exhaust-pressure changes. Finally, we have the combination 
where the superposed turbine is electrically tied to one or more 
low-pressure turbines. In this case the governing valves of the 
low-pressure turbine are wide open and the combination acts as 
one unit with the superposed-turbine governor controlling load 
and speed set by the governor speed changer. Through the 
electrical tie, the inertia of the low-pressure-turbine spindle is 
more or less added to the superposed-turbine spindle. Thus, 
the combination will have the governing characteristics of a 
condensing unit, and for this reason it will be considered beyond 
the scope of this paper. 

Regulation requirements specify stability, which means that 
there should be no periodic speed or load change due to the 
governor itself. Stability can be obtained by proper relation 
between the governor-speed variation, its rapidity of response, 
inertia of the turbine spindle and generator rotor, governing- 
valve sizes, and other factors. The governor and connecting 
linkage must also be free to a considerable degree from friction 
and back lash. 

To be able to obtain the proper relation between the turbine 
and control parts, a fundamental analysis of the problem must 
be made, while careful attention to design details will greatly 
reduce friction and back lash. 

The remainder of this paper is divided into two general divi- 
sions. The first is devoted to a description of the hydraulic- 
governing system used on Westinghouse superposed turbines. 
The second part is devoted to a theoretical analysis, first, of 
synchronizing stability, and, second, of stability on the line with 
an exhaust-pressure regulator in action. Theoretical criteria 
of stability are derived for each of these cases. While the 
governing system analyzed is that used on Westinghouse tur- 
bines, the method used is applicable to other governing systems. 
Some of the conclusions also apply to other governing systems. 

The problem of stable operation on the line without an exhaust- 
pressure regulator in action presents no special difficulties and 
will be disregarded. 


DESCRIPTION 


In the hydraulic governing system, instead of transforming 
speed into motion through the medium of a flyball governor, the 
shaft speed is measured by the pressure in a chamber surrounding 


the shaft. This pressure is maintained by the centrifugal force 
of the oil in the inclined hole drilled in the turbine shaft con- 
necting the pressure chamber to drain, as shown in Fig. 1. Oil 
is supplied through an orifice into the pressure chamber from the 
main oil pump located on the turbine shaft next to the inclined 
hole, otherwise called the governor impeller. The small amount 
of oil flowing through the orifice into the pressure chamber 
maintains a pressure which varies as the square of the turbine 
speed. Excess oil supplied through the orifice above that re- 
quired to maintain the pressure in this chamber passes beyond 
the center of the shaft and then out to drain. 

To increase the sensitivity and response of the servomotor to 
very small speed changes, the originally small pressure change 
of the governor impeller is magnified in the governor transformer. 
The transformer consists of a bellows which is opposed by the 
speed-changer spring and the pressure in the small control 
chamber on top of the transformer relay. The pressure in this 


615 


: 
Z 
12 


616 


control chamber depends on the pressure change of the governor 
impeller and the difference in the areas of the bellows and trans- 
former relay. The initial oil pressure is carried by the speed- 
changer spring. The control chamber is connected through 
drilled holes to the regulating annulus located at the middle of 
the transformer relay. This, in turn, may communicate with 
high-pressure oil above and with the drain connection below, 
depending on the motion of the transformer relay. Assuming 
the effective area of the bellows to be 10 sq in., and the differential 
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downward. This will bring the bellows, pilot and main relays 
into neutral position. Tracing through a change in speed, the 
system operates as follows: An increase in speed produced an 
increase in governor-impeller pressure which, in turn, increased 
the regulating pressure. The increased regulating pressure 
moves the operating piston upward which, in turn, closes the. 

steam-admission valves. 
To make the governor respond to an impulse other than 
speed, control pressure regulated by an exhaust-pressure regu- 
lator can be admitted below the 
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to the turbine exhaust. The 
control chamber of the regulator 
relay is located on the top and 
the control pressure acts on the 
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area of the transformer relay 1 sq in., an increase of 1 lb per sq in. 
of oil pressure below the bellows will produce an increase in the 
regulating pressure of 10 lb per sq in. The transformer relay is 
kept revolving at all times by a jet of oil directed against a 
turbine element mounted on the transformer relay. This is 
done to reduce friction to a minimum and to make the mechanism 
highly sensitive. The regulating pressure is admitted to the 
bellows chamber of the governor servomotor. The regulating 
pressure acts on the effective area of the bellows in a downward 
direction and is opposed by a tension spring between the bellows 
and return link. The main relay is moved downward by the 
oil pressure above the relay, which is supplied through an orifice 
in the relay bushing. The compression spring below the main 
relay moves the relay in an upward direction. The movements 
of the main relay are controlled by the pilot relay attached to 
the bellows. An increase in the regulating pressure moves the 
bellows in a downward direction. The oil pressure above the 
main relay will increase due to the decreased flow between the 
main and pilot relay. The increased oil pressure will move the 
relay downward. The main relay in this position admits high- 
pressure oil under the operating piston and allows the oil on top 
of the piston to discharge. 

The resultant upward motion of the operating piston is checked 
only when the return link has increased the spring tension by the 
same amount that the regulating pressure forced the bellows 


of the exhaust pressure on the 
bellows, plus the force of the oil 
pressure on the regulator relay, 
must balance the spring forces 
at the bellows and below the 
regulator relay. Since the spring 
force is constant at the regula- 
tor relay neutral point, an increase in exhaust pressure will 
decrease the control pressure. The effective areas of the bellows 
and regulator relay are so selected that the required exhaust- 
pressure change will create a control-pressure change which can 
move the operating piston from full-open to closed valve posi- 
tions. The regulator relay is also kept revolving in the same 
manner as the transformer relay. 

To be able to follow the smallest speed or pressure changes, 
the hydraulic system is so constructed that pressure changes can 
be transmitted with very little actual oil flow. The relays 
which have to follow small pressure changes are kept revolving 
to reduce friction. The parts which have to respond to larger 
or transformed pressure changes have bellows with compara- 
tively large effective areas and move a pilot relay to reduce the 
friction and flow reaction of the large main relay. Oil passages 
in the governor are made large enough to supply large amounts 
of oil with small pressure drops. 


SYNCHRONIZING SraBiLiry PROBLEM 


The problem discussed in this paper involves the finding of 
the fundamental relationship between certain constants of the 
governor, governor servomotor and turbine, that must be satis- 
fied to have stable governing off the line at no load. A super- 
posed turbine generator when being synchronized has its back- 
pressure regulator, if provided, out of action, and hence the 


| 
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| 
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problem of its synchronization in its general aspects is identical 
with that of a straight condensing turbine generator. 

The symbols and terms used are listed in the nomenclature. 
The governing system to be analyzed is shown in Fig. 1. The 
back-pressure regulator is assumed to be irresponsive to back- 
pressure variations. Let us assume that the turbine generator is 
running at exactly constant speed and then a resisting torque 
AM is applied instantaneously to the rotating parts. Consider- 
ing the system linear, then in general a speed disturbance of the 
type 


w = Ao + Aje™ cos (qit + 4) + Ase @ cos (qat + &) +.. 


will be produced. The term Ao represents the permanent speed 
change due to the resisting torque AM, and the remaining terms 
represent the accompanying transient disturbance. If the 
transient dampens out, the system is stable. In order that the 
transient dampen out, ai, a, a3, ete., must each be negative 
and, therefore, the problem in its simplest aspects reduces to 
predicting a, a2, a3, ete. The differential Equation [7a] derived 
in Appendix 1, represents the behavior of the governing system 
in Fig. 1, when the turbine generator is off the line and an in- 
stantaneous resisting torque AM is applied to the spindle, the 
back-pressure regulator being out of action. This equation is 


dy + l + 1 Bw + 1 1 
+ l l 1 dw T x -T x AM [7 | 
&.° T.T,T,; M 
The significance of the various terms is as follows: 7’, is the 
time constant of the governor transformer and is a measure of 
the rapidity of response of the governor transformer. The 
smaller the value of T,, the faster will be the action of the 
governor transformer. Likewise, 7, is the time constant of the 
servomotor. The time constant 7’, is due to the steam entrapped 
between the first governing valve and nozzle inlet, and is a 
measure of the time lag due to this entrapped steam. The 
value of Ty is a measure of the correcting effect of the governing 
system due to speed changes and is the acceleration in radians 
per see per sec produced by the torque developed when the turbine 
speed drops 1 radian per sec, this latter torque being equal to M. 
The solution of Equation [7a] determines the system stability. 
A convenient method for checking the stability without actually 
solving the differential equation is as follows: Differential 
Equation [7a], disregarding the term on the right side, is of the 
form 
dt‘ dt? dt 
where the C terms are constants. 
This equation represents a stable system if all the C terms are 
positive, and, if C\C,C; > C2 + CoCs. The first condition is 
satisfied. The second condition gives 


1 1 
T,\? 

From criterion [9a] it is evident that decreasing 7, which 
means increasing the inertia of the rotating parts of the turbine 
generator, or increasing the regulation of the governor, or de- 
creasing the size of the governing valve that is in operation when 
synchronizing occurs, improves stability. Also from criterion 
[9a] it is apparent that decreasing 7, and 7,, or in other words 
making the governor transformer and governor servomotor faster 
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acting, also has a beneficial influence on the stability of the sys- 
tem. If 7’, is small, as is usually the case, decreasing T,, or in 
brief decreasing the volume of entrapped steam between the 
governing valve and nozzle inlet, has a beneficial effect on sta- 
bility. If, however, 7’, is large, then decreasing T,; may have a 
detrimental effect on stability. 

In superposed turbines, Ty is usually quite large, and this 
necessitates careful design of the governor transformer and 
governor servomotor to obtain values of T,, T,, and 7, which 
are assmallas possible. It is especially important to obtain small 
values of T, and T’;. 

Stability of Back-Pressure Governing. In analyzing the sta- 
bility of the back-pressure control, the superposed turbine will 
be assumed to be running on the line at exactly constant speed. 
Under this assumption, the steam flow through the superposed 
turbine will be entirely under the control of the back-pressure 
regulator. In Appendix 2, the differential equation of the 
system is derived. This Equation [75] is 


DP,» 1 1 \ 1 1 1 
dt Trp T dt? Tsp T 1B dt 
T up 
(4 T, Tin | 


where 7, is the time constant of the back-pressure regulator, 
T, is the time constant of the governor servomotor, T;, is the 
time constant due to the capacity effect of the superposed turbine 
exhaust-system volume, 7'y, is the response constant of the 
back-pressure control system, and P,, represents the variation 
in exhaust pressure from the initial value. The solution of 
Equation [7b] is of the form 


= Age™ + Are™ cos (qt + a) 


If ao and a are each negative the system is theoretically stable. 
A convenient method of checking the stability of the system 
directly from the differential equation is as follows: The differ- 
ential equation is of the form 
BP B d?P B dP B 
—— + C, — + = 0 

dt3 dt? 
which represents a stable system if the coefficients C are each 
positive and if C;C, > Co. The coefficients of Equation [7b] are 
all positive. The second criterion gives 


ae 

From criterion [8] it is apparent that the following factors make 
the system more stable: Increasing the regulation of the back- 
pressure regulator; increasing the weight of entrapped steam 
per pound per square inch absolute, in the exhaust system, which 
for a given installation means a larger exhaust-system volume; 
decreasing the maximum value of ¢, by better governing-valve 
design. The preceding factors all decrease Ty,3. The stability 
of the system can also be improved by decreasing the time 
constant of the back-pressure regulator T,,, by increasing the 
servomotor time constant T,, and by decreasing the exhaust- 
system time constant 7;,. The exhaust-system time constant 
decreases as the load on the low-pressure turbines is increased, 
because the factor gg, increases with load on the low-pressure 
turbines due to wider valve openings. On a given system, the 
only way of decreasing T;, is to decrease the volume of the 
exhaust system, but this will increase T'y,, so that the net 
effect will be detrimental to stability. The assumption that the 
superposed turbine runs at exactly constant speed implies that 
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the superposed-turbine installation is tied together with a reason- 
ably large system. 


NOMENCLATURE 


effective area of governor transformer bellows, sq in. 
effective area of back-pressure-regulator bellows, sq in. 
area of end of governor transformer relay, sq in. 

area of end of back-pressure-regulator relay, sq in. 

area of governor servomotor bellows, sq in. 

area of governor servomotor piston, sq in. 

increase in density of steam entrapped between governing 
valve and nozzle inlet, due to increase in pressure P,, 
lb per cu ft 

increase in density of entrapped steam in exhaust system 
due to increase in pressure P,,, lb per cu ft 

base of Napierian logarithm system 

increase in flow through turbine due to increase in steam 
pressure P, in steam entering nozzle, lb per sec 

mass moment of inertia of turbine generator rotating 
parts, lb in sq sec 

ratio between density and absolute pressure of steam 
entrapped between primary valve and primary nozzle 
inlet, lb per cu ft per Ib per sq in. 

ratio between density and absolute pressure of steam in 
exhaust system, lb per cu ft per Ib per sq in. 

total scale of governor-transformer spring and bellows, 
Ib per in. 

total scale of back-pressure-regulator springs and bellows, 
Ib per in. 

restoring spring scale of governor servomoter, lb per in. 
total scale of governor-servomotor bellows and spring, 
Ib per in. 

increase in torque, in-lb per lb per sec increase in steam 
flow through turbine P 

torque produced by increase in steam flow through tur- 
bine due to decrease in turbine speed of 1 radian per sec, 
in-lb 

increment of resisting torque applied to turbine spindle, 
in-lb 

governing impeller pressure at speed wo, Ib per sq in. 
increase in pressure of steam entering primary nozzle 
above initial value, lb per sq in. 

increase in exhaust-steam pressure above initial value, 
lb per sq in. 

increase in governor-transformer regulating pressure 
above initial value, lb per sq in. 

increase in back-pressure-regulator control pressure 
above initial value, lb per sq in. 

ratio of restoring spring travel to piston travel on gov- 
ernor servomotor 

time, sec 

governor-transformer time constant, sec 
back-pressure-regulator time constant, sec 
governor-servomotor time constant, sec 

time constant due to entrapped steam between primary 
valve and primary nozzle, sec 

time constant due to entrapped steam in exhaust system 
sec 

governing-system acceleration constant 1/sec 

response constant of back-pressure control system, 1/sec 
volume of entrapped steam between primary valve and 
primary nozzle inlet, cu ft 

volume of back-pressure turbine exhaust system, cu ft 
increase in weight of entrapped steam between primary 
valve and primary nozzle inlet due to increase in pres- 
sure P,, lb 


TOTAL STEAM FLOW THROUGH GOVERNING VALVES 
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increase in weight of entrapped steam in exhaust system 
due to increase in pressure P,,, lb 

upward displacement of governor-transformer relay from 
neutral, in. 

upward displacement of back-pressure-regulator relay 
from neutral, in. 

upward displacement of governor servomotor relay from 
neutral, in. 

downward displacement of governor servomotor piston 
from initial position, in. 

increase in flow through superposed turbine, lb per sec 
per lb per sq in. increase in pressure in nozzle inlet 
increase in flow out of exhaust system, lb per sec per Ib 
per sq in. increase in exhaust-system pressure 

flow constant of governor-transformer relay cu in. per 
sec per in. lift 

flow constant of back-pressure-regulator relay cu in. per 
sec per in. lift 

slope of curve on Fig. 2 showing total steam flow through 
governing valves versus servomotor travel. Slope to 
be taken at the particular point considered. 

flow constant of governor-servomotor relay, cu in. per 
sec per in. lift 

angle shown in Fig. 2 

angle shown in Fig. 2 

initial turbine speed, radians per sec 

increase in turbine speed above initial speed, radians per 
sec 


Appendix 1 


ANALYSIS OF GOVERNOR STABILITY UNDER SYNCHRONIZING 


ConpDlITIONS 


In this appendix an analysis will be made of the governing 
system shown in Fig. 1, the turbine generator running off the 
line, and the back-pressure regulator being irresponsive to back- 
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pressure changes. 
be used. 

Let the turbine generator be assumed to be running at exactly 
constant speed off the line at no load. If a small resisting torque 
AM be applied instantaneously to the spindle, a disturbance will 
be set up in the speed of the unit. The criterion of stability is 
whether this disturbance dampens out, or whether it continues 
to increase to a greater disturbance. 

The method of analysis will be to set up the differential equa- 
tions which apply to the component parts of the governor and 
then to solve these equations simultaneously to obtain the general 
differential equation of the governing system. From the gen- 
eral differential equation, either by solving it, or by mathe- 
matical criterions, we can determine whether the governing sys- 
tem is theoretically stable. 

At any instant ¢ after application of the resisting torque AM, 
let the speed of the unit be assumed w radians per sec above the 
original speed wo. At this instant ¢, the governing-impeller 
pressure, assuming it to be proportional to the square of the 


The symbols listed in the nomenclature will 


speed, will have increased an amount ——-, the governor-trans- 
wo 
former regulating pressure will have increased by an amount P.2, 
and the governor-transformer relay will be above its neutral 
position by an amount z. Since the governor-transformer relay 
must always be in equilibrium under the various forces acting 
on it, we obtain, neglecting relay mass and damping, the follow- 
ing equation 


2Poaz 


wo 


The instantaneous rate of oil flow through the governor-trans- 
former relay will be taken proportional to the departure of the 
relay from its neutral position and must be equal to the instan- 
taneous rate of storage in the servomotor operating bellows, or 


Considering the equilibrium of the servomotor relay, and neg- 
lecting mass and damping we obtain 


The flow through the servomotor relay likewise will be taken 
proportional to its displacement from neutral position and is 
related to the servomotor piston velocity, thus 


Next the flow of steam through the governing valves will be 
considered. The relationship of steam flow to servomotor 
travel is shown on Fig. 2. Taking gn = tan 4), the increase in 
steam flow at instant ¢ through the governing valve, above its 
initial value, will be guz. However, the instantaneous flow 
through the turbine will not be equal to the instantaneous flow 
through the governing valve on account of the volume of steam 
entrapped between the valve and nozzle inlet. If the total heat 
of the entrapped steam be assumed equal to that of the steam 
before the throttle, the increase in density of the entrapped steam 
will be proportional to the increase in absolute pressure P,, or 
d, = K,P, and the increase in weight, and rate of increase of 
weight of entrapped steam will be given respectively by 


W, = V.K,P, 


and 


The increase in flow through the turbine above its initial flow 
can be taken proportional to P, or 


F, = ¢,P, 


Hence, for flow equilibrium we have 
dP 
Guz = = 


Finally, the equilibrium of the rotating parts of the turbine- 
generator must be considered. Due to the increase in steam 
flow through the turbine, there will be a torque component of 
M,F, = M,,P,. Because of the instantaneous acceleration 
dw/dt there will be a component J(dw/dt). Neglecting spindle 
damping, we obtain 


dw 
M,e,P, = J + AM 


Simultaneous differential Equations [la] to [6a], inclusive, com- 
pletely represent the behavior of the governing system during 
the transient disturbance. Solving these equations by standard 
methods we obtain the following single differential equation 
with w as a function of ¢, or 


T.  T;/ dt 7.7, @# 


Tu 


T yw 


T, = ( Kee) 
¢,42K, 


is the time constant of the governor transformer, 


1 
T,T,T,) dt 


K,ay2 


is the servomotor time constant, 


is the time constant of entrapped steam between governing valve 
and nozzle inlet, and 


2PandygnM, 
Ty = 
wort Ky 


is the turbine-generator acceleration constant. The turbine 
generator acceleration constant Ty is the acceleration produced 
by the torque developed by the increase in steam flow produced 
by decreasing the turbine speed 1 radian per sec, assuming a 
linear relation between the torque developed and the speed de- 
crease. The torque 


2PandyiguM, 
Kyi 


M = 7 ud 
is that produced by decreasing the turbine speed 1 radian per sec. 
Solving Equation [7a] gives in general the solution 


4M 


w = cos (git + «) + Are™ cos + — [8a] 
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where A; and A, are constants determined by the initial condi- 
tions. The term —(AM/M) represents the permanent change 
in speed due to torque AM. The other two terms represent the 
transient disturbance in the speed. If a: and a are both nega- 
tive, the transient dampens out and the governing system is 
stable. 


Appendix 2 


ANALYSIS OF THE STABILITY OF THE BAacK-PRESSURE 
REGULATOR 


The system in Fig. 1 will be analyzed, and the terms and 
symbols listed in the nomenclature will be used. The turbine- 
generator will be assumed to be on the line running at exactly 
constant speed. Under this condition the governor of the unit 
will be solely under the control of the back-pressure regulator. 

The same general method that was used in Appendix 1 will 
be used. Let us assume that the governing system is running 
under steady conditions, and the back pressure is holding exactly 
constant. Then, if some disturbance occurs, a transient will be 
set up which will be completely represented by the following 
simultaneous differential equations. Considering the equilibrium 
of the back-pressure regulator relay, and neglecting mass and 
damping of the relay, we obtain 


The instantaneous rate of flow of oil through the back-pressure 
regulator relay will be taken proportional to the relay displace- 
ment from neutral, and must equal the instantaneous rate of 
oil storage in the governor-servomotor bellows. 


Hence 


dy 


= Ay) 


Considering the equilibrium of the servomotor relay and neg- 
lecting mass and damping of the relay, we obtain 


As represented in Appendix 1, the servomotor-piston speed is 


related to the servomotor-relay displacement. Thus 
dz 


The flow change through the governing valve for small lift 
variations can be taken proportional to the lift variation. The 
effect of entrapped steam between the governing valve and nozzle 
inlet will be neglected. The density of the steam in the exhaust 
system of the back-pressure turbine can be taken proportional to 
the absolute pressure; hence the increase in density due to a 
pressure increase of P,, will be d,zg = KgP,,. Thus, the 
increase in weight and the rate of increase in weight of entrapped 
steam in the exhaust system will be, respectively 


Wie 
and 


Since the system frequency is assumed constant we can assume 
that the low-pressure turbines taking steam from the exhaust 
system of the superposed turbine will have constant governor 


positions, and therefore constant valve openings. The varia- 


tion in flow through the low-pressure turbines can then be taken 
proportional to the variation in pressure of the steam supplied 
to them, and hence to the variation in pressure in the superposed- 
turbine exhaust. 


Consequently 
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= VpKp dt + [5b] 


Equation [5b] neglects the slight effect of back-pressure changes 
on the flow through the governing valves of the high-pressure 
turbine. 

Solving the simultaneous differential Equations [1b] to [5b], 
inclusive, we obtain the following single differential equation 
with P,, as the variable, representing the transient disturbance 


Kz K,ay,2 dt Kyay2 VaKe 


The following terms can be substituted in this equation: 


T _ 


is the time constant of the back-pressure regulator 

Kya,. 


ryRy gy 


is the time constant of the governor servomotor 


¥:B 


Ti, = 


is the time constant of the exhaust system of the superposed 
turbine, and 


A, Pv 
= — > tr. 
Ky Kev B 
is the response constant of back-pressure governing system. 
The time constants are a measure of the fastness of action of 
the different units; the smaller the time constant, the faster 
the action. The response constant 7'y, can be explained thus: 
Suppose the exhaust pressure is decreased 1 lb per sq in. 
causing the flow through the superposed turbine to increase by 
an amount F. If the steam flow F all went into the exhaust 
system without being able to get out, then the exhaust pressure 
would rise at a rate (F/V,K,) which is equal to the constant 
T ys. Making the substitutions previously mentioned we obtain 


dt® T T ip dt? T T T dt 


111 T up ) 
a4 Tue =0........{7b 


The solution of Equation [7b] can be written as P,,z = Age® + 
A,e™! cos (qt + 4). If ao and a are each negative, the system 
is theoretically stable. The constants Ao and A; are determined 
from initial conditions. 
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Supervising Instruments for the 165,000-Kw 
Turbine at the Richmond Station 


By H. STEEN-JOHNSEN,' PHILADELPHIA, PA. 


This paper describes the supervisory-control instruments 
installed on the 165,000-kw turbine at the Richmond 
Station of the Philadelphia Electric Company. The in- 
stallation consists of electrical instruments to measure 
such turbine characteristics as vibration, spindle eccen- 
tricity, cylinder expansion, and noise. 

The equipment has been in operation for one year, 
and during this time, the vibrometers and expansion 
meters have proved to be useful during the starting as 
well as normal operating periods. The eccentricity meter, 
although of no great value on a machine equipped with a 
spindle-turning device, has revealed interesting facts 
about the movement of the journals in the bearings. 
The noise-meter transmits the noise-characteristics as 
heard with a listening rod to a central location on the 
gage-board. The instrument has not been found very 
satisfactory because of the great number of noises heard 
ina machine of this size, making it very difficult to detect a 
rub whether a listening rod or other means are used for 
the purpose. 


as a means of reducing the cost of generating stations, and 

the development of a group of instruments to indicate and 
record turbine characteristics was started, in order that the out- 
door stations could be operated with minimum attendance. 

This development was continued along a somewhat different 
channel when the Philadelphia Electric Company requested spe- 
cial instruments to safeguard their 165,000-kw Richmond Station 
turbine, shown in Fig. 1. 

The object of the development was to obtain instruments that 
would quantitatively measure the various factors which determine 
the safety of starting and operating a turbine. 

To any one familiar with power-plant operation, it is a familiar 
condition that a turbine spindle will bend when the machine has 
been shut down, because the lower half of the turbine cools 
quicker than the top half. When the machine is started up 
again, the spindle is kept rolling for some time at slow speed by 
passing a small amount of steam through the unit. This small 
steam flow insure: uniform and gradual heating of the spindle and 
cylinder, and the slow rolling and heating will straighten the 
rotor shaft if it is bent. If the rotor is brought up to operating 
speed before it has straightened out, excessive vibration will re- 
sult and serious rubs may develop. 


S IME YEARS ago, outdoor turbines were actively discussed 
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Also, if the heating progresses too rapidly, the cylinder will 
heat faster than the spindle, and the difference in expansion be- 
tween the two elements may cause mechanical contact in the 
axial seals in the blade and gland elements. ; 

In recent years, it has been common practice to equip turbines 
with turning devices that keep the rotor turning at slow speed 
when the machine is shut down. These devices have materially 
reduced the heating and rolling period because the rotor shaft is 
straight when steam is admitted. 

From these considerations, it is clear that the characteristics 
we want to measure during the heating and rolling period are: 
The eccentricity of the rotor shaft, the expansion of the cylinder, 
and the noise created by possible rubs between the stationary and 
rotating elements. When the machine is brought up to speed 


and during normal operation, we want to measure the vibration. 


Fic. 1 Tue 165,000-Kw Tursine GENERATOR AT THE RICHMOND 


STATION OF THE PHILADELPHIA ELECTRIC COMPANY 


The equipment built for the Richmond turbine consists of the 
following groups: 

1 Eccentricity meters to indicate and record the shaft ec- 
centricity of the high-pressure and low-pressure spindles between 
the bearing pedestals and the gland cases. 

2 Vibrometers to indicate and record the magnitude of vi- 
bration in the vertical and horizontal directions at one turbine 
and one generator bearing. 

3 Expansion meter to indicate and record the axial expansion 
of the turbine cylinder. 

4 Noise meter to indicate, through an amplifier system, the 
noise in the blading and the glands, the indicating meter being 
supplemented with a pair of headphones to provide an audible 
signal. 

The locations of these instruments are indicated on the tur- 
bine cross section shown in Fig. 2. It will be noticed that the 
vibrometers are located on top of the bearing caps and the ec- 
centricity detectors on the horizontal center line of the shaft. 
In addition to those shown in Fig. 2, there is a vibrometer on the 
outboard-generator bearing cap. The noise pickups are located 
near the glands. 
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Fig. 2. Cross SECTION OF THE TURBINE WITH LOCATION OF INSTRUMENTS INDICATED 


The expansion meter is located on the front of the thrust ped- 
estal, and the unit is anchored longitudinally at the center of the 
low-pressure cylinder. Accordingly, the expansion meter meas- 
ures the longitudinal expansion of the high-pressure cylinder and 
the expansion of one half of the low-pressure cylinder. The maxi- 
mum expansion measured is 1!/s in., at full load, while bleeding 
for heating feedwater. 

The locations of the indicating and recording instruments on 
the gage board are shown in Fig. 3 as viewed from the throttle 
valve. These are standard electrical instruments, altered in de- 
tail to make them more suitable for the application, and as such 
require no further comments. The detectors on the turbine, on 
the other hand, represent some interesting new designs. 


In the vibrometer and eccentricity meters, a measuring prin- 
ciple used for some time by the Westinghouse Company for 
measuring small distances has been developed to suit the present 
application. The same principle is applied to the expansion 
meter in a slightly modified form to take in the greater displace- 
ments. The principle, which has been discussed by C. R. Soder- 
berg,” consists of introducing the distance to be measured as a 
variation in the length of an air gap, controlling the reactance of 
an inductive circuit. The inductive circuit is excited from an 
alternating-current source of suitable frequency, and by special 
coupling of the circuit, its electrical characteristic is a linear func- 
tion of the length of the air gap. It is an outstanding feature of 
the equipment designed on this principle that it avoids mechani- 
cal contact between moving parts. 

In Fig. 4, the eccentricity meter is shown diagrammatically. 
The detector on the turbine is located between the bearing ped- 
estal and the gland case, and consists of two iron-core trans- 


*“The Vibration Problem in Engineering,” by C. R. Soderberg, 
Electrical World, vol. 23, February, 1926, p. 71. 


formers 7; and 7; 
mounted as indicated 
on opposite sides of 
the shaft. The trans- 
formers are identical, 
and the magnetic cir- 
cuit for each is made 
up of the laminated 
iron core, the air gap 
between the trans- 
former pole face and 
the shaft, anda por- 
tion of the shaft. The 
primary windings are 
connected in series and 
excited from a con- 
stant-voltage a-csource 
of suitable frequency, 
while the secondary 
windings are connected 
so that the voltages 
induced will oppose 
each other and the 
voltage at the termi- 
nals E-E will be the 
secondary differential 
voltage. With this arrangement, there will be equal voltage 
drops over each of the primary windings, equal voltages in- 
duced in each of the secondary windings, and zero voltage at E-E 
when the air gaps are equal. If the air gaps are not equal, the 
secondary differential voltage will be a linear function of the 
difference between the air gaps. 

When the shaft is bent, it will run eccentric between the two 
transformers, and each air gap will go through a complete cycle of 


Fig. 3. Location or INDICATION AND 
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change with a maximum and a minimum value in each revolution. 
The a-c voltage at the terminals E-E will follow the changes in the 
air gap and by means of a copper-oxide rectifier, this a-c wave is 
changed to a unidirectional wave used to actuate the indicating 
meter and the recorder. 

The moving element in the indicating meter, and the galva- 
nometer in the recorder, are of special construction to give a 
steady reading on the voltage wave for speeds as low as 170 rpm, 
which is well below the normal turbine heating speed of 200 rpm. 
When the machine is turning slower than this, the pointer will 
partly follow the wave, and the eccentricity reading should be 
taken at the midpoint of the swing of the pointer. When the 
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reading corresponds to the wave portion of the voltage only, as 
caused by the changes in the air gaps. And thus, in spite of the 
movement in the bearings, a true reading of the eccentricity may 
be obtained. 

The vibrometer is based on the same measuring principle as the 
eccentricity meter, and in each vibrometer there is one measuring 
circuit for horizontal vibration and one for vertical vibration. 

Fig. 5 shows two vibration detectors mounted for testing. One 
unit is shown complete with cover, while the other is shown with 
the cover removed. The overall dimensions are approximately 
7 X 7 X7in., and the instrument is conveniently located on the 
bearing cover. The mechanical design is similar to an amplitude 
meter built on the seismic principle. The weight W, which in- 
cludes the four transformers 7, is supported flexibly by a canti- 
lever beam, having equal flexibility in the vertical and horizontal 
directions. The air gaps are formed between the transformer 
cores and the laminated-pole shoes A, which are rigidly attached 
to the frame. When vibrations are set up in the bearing pedestal 
supporting the frame, the pole shoes will follow the vibration, 
while the flexibly supported transformers will remain fixed, due 
to the inertia of the weight. Thus, there will be a relative mo- 
tion between the transformers and the pole shoes, varying the 
length of the air gaps by an amount equal to the range of the 
vibration. The two vertical and the two horizontal transform- 
ers are connected so that each pair forms an independent meas- 


Fig. 5 Two Visration Detectors MOUNTED FOR TESTING 


machine is on the turning gear, the pointer will follow the wave 
closely and swing from zero to a maximum twice for each revolu- 
tion. The recorder used is the Leeds & Northrup Micromax re- 
corder of the multipoint type, changing automatically from one 
detector to another. 

In the eccentricity meter, this circuit has been supplemented 
with a compensating rheostat. It is the purpose of this compen- 
sating circuit to eliminate the effect of the wedge-shaped oil film 
between the bearing and the journal that presses the shaft side- 
wise in the bearings. This sidewise shift results in a difference 
between the air gaps equal to twice the sidewise movement of the 
shaft, and even though the shaft may be true, the eccentricity 
meter will give a reading because the air gaps are not equal. 
The voltage that produces this reading is a constant one and 
manual adjustment of this rheostat located on the panel will 
compensate for the difference in air gaps and give a zero reading 
if the shaft is true. If the shaft is not true, the rheostat is ad- 
justed to give a minimum reading on the meter. This minimum 


uring circuit, and the instrument will give simultaneous readings 
of horizontal and vertical vibration. 

A sectional view of the expansion detector is shown in Fig. 6. 
The primary coil is attached to the pedestal and rides on the sta- 
tionary laminated armature C. The section B of this armature 
serves as core for the secondary windings and, as the sliding pedes- 
tal moves the primary from left to right, the voltage induced in the 
secondary will increase. With this arrangement, the voltage in- 
crease in the secondary is a linear function of the movement of 
the primary. The alternating voltage induced in the secondary 
is rectified, as in the case of the instruments previously discussed, 
and the rectified current actuates the indicating and recording 
instruments. 

The noise meter consists of detectors mounted on the turbine, 
and connected to a suitable amplifier with a calibrated output 
meter and headphones, located on the gage board. By means of 
a selector switch, any one of the pickups as desired may be con- 
nected to the amplifier and the noise at that location checked. 
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there was a uniform move- 

ment of the rotor shaft toward 

the left-hand side of the ma- 
chine. The compensating 
rheostat had to be used con- 
tinually, and the record was 
of little value except at the 
points where it had been com- 
pensated. 

When the oil temperature 
came up, there was a ten- 
dency for the spindle to move 
back toward the center, and 
as load was applied, the move- 
ment toward the center con- 
tinued. However, the journal 
never returned to its stand- 
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still position or turning gear 
position in the bearings. 


It was also found that the 


A 


readings were relative only, 
because of the nonuniform 
magnetic characteristics of 
the surface of the forged shaft. 
Because of this nonuniform 
characteristic, it was not pos- 
sible to balance the circuit. 


VOUT 
There is also a certain amount 


of residual magnetism in the 
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shaft that gives trouble, and 
on the high-pressure end, the 
continual high temperature 
has resulted in insulation 
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Fig. 6 


The amplifier is also equipped with an attenuator so that the 
volume can be adjusted to suit the individual observer. 

The detector is a high-frequency magnetic-vibration pickup, 
the diagram of which is shown in Fig. 7, and consists of a perma- 
nent magnet M flexibly supported, and a coil C mounted between 
the magnet-pole faces and rigidly attached to the frame. When 
the case vibrates, the magnet will remain stationary due to its 
inertia, while the coil will vibrate with the frame and, due to the 
relative motion between the magnet and the coil, a voltage will 
be induced in the coil. 

The sound waves are transmitted through the cylinder as high- 
frequency waves and are picked up by the detector in the same 
manner as a listening rod picks it up, and results in relative mo- 
tion between the magnet and the coil. The magnitude and wave 
form of the voltage is directly related to the vibration, and the 
noises heard in the headphones have the same characteristics as 
those heard with a listening rod. 


OPERATION 


When the turbine was put in service, it was found that with a 
turning device on the machine, there was no great need for an 
eccentricity meter. The spindle was generally straight enough 
so as not to require any further attention. 

The instrument itself brought out some very interesting points. 
The spindle moved around in the bearings considerably more 
than anticipated. As the speed was increased from slow rolling, 
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trouble. 

The first cure 
for these troubles was to in- 
stall a laminated ring on the 
shaft, move the detector to 
the other side of the bear- 
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ing, and measure what might be termed reverse eccentric- 
ity. However, investigations on other machines made in 
connection with general balancing preblems, and investigations 
of shaft vibrations by the use of a stroboscope show that the ec- 
centricity measured on each side of a bearing is not the same, eX- 
cept at very low speeds. The fulcrum does not stay constant at 
the center of the bearing, but moves out with increasing ampli- 
tude and speed. Thus, the reverse eccentricity will decrease as 
the actual bow in the shaft increases, pass through zero and then 
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again increase. On three bearing units with solid coupling, these 
The am- 
plitudes and phase relations on each side of the middle bearing 
depend upon the critical deflection curve the rotor may happen 
to be in, and the location of the nodes. 

On the basis of these findings, the use of reverse eccentricity 


conditions have been found to be quite complicated. 


was abandoned, with the belief that, in view of the slight need 
for an eccentricity meter on a machine equipped with a turning 
gear, the most satisfactory solution from an economic, as well as 
service standpoint, will be to use a carbon-brush rider on the shaft 
and lift the rider off the shaft when not in use. Such a rider can 
be built to follow the shaft at all speeds up to running speed. 
The instrument then would be indicating only and switched on 


and off as desired. At the present time, the eccentricity re- 


corder is not in use, but the indicating meters are used as a rela- 
tive indication of eccentricity. 
The vibrometer has been found to be of real value and very 


little trouble has been experienced with this unit. When the 
unit was put in service, the heat from the bearing cap caused some 
expansion trouble, but this has been overcome by separating the 
base from the bearing cap with an airspace. The arrangement 
is for one four-point recorder, of the print-wheel type to record 
the vibrations vertical and horizontal at each of two bearings; 
and four indicating meters, one for each of the vibrations. Fig. 8 
shows the thrust pedestal, with the locations of the vibrometer 
and expansion meter indicated. 

Up to this time, the vibrometer has been most useful when 
bringing the machine up to speed. A. turbine-generator unit of 
this size has several critical speeds below the running speed, some 
of which originate in the foundations. With the indicating 
meters located as they are on the gage board, the operator at the 
throttle is in a position to keep an eye on the meters and bring the 
machine through the critical speeds quickly and with a minimum 
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of vibration. During normal operation, slight vibration changes 
caused by load changes are immediately indicated by the meters 
and, if unusual vibration should develop, the record will show 
the exact time of its inception and make it possible to tie it in with 
other operating changes. 

Fig. 9 shows a record of the vibrations experienced when 
putting the unit back in service after an overnight shutdown, dur- 
ing which it was kept on the turning gear. 

The actual records are stamped on the chart by the recording 
instrument and consist of a series of groups of dots registered at 
approximately 2-min intervals, each dot having beside it an iden- 
tifying number so that the horizontal and vertical records at the 
two ends of the shaft ean be distinguished. 

This record, while clearly legible on the chart itself, is not suit- 
able for reproduction. Therefore, for convenience, the points on 
Fig. 9 have been transferred to separate arbitrary base lines and 
connected by light lines. No. 1 and No. 2 base lines show verti- 
cal and horizontal vibrations, respectively, at No. 1 bearing, 
while base lines Nos. 3 and 4 show vertical and horizontal vibra- 
tions, respectively, at the outboard-generator bearing. It may be 
noted base line No. 4 remains on zero throughout. Such vibra- 
tions as were noted were of such small magnitude that they can- 
not be shown on this chart. This record runs from 4:30 a.m. 
to 8:45 a.m. and the points at which the unit was rolled by steam, 
put on the line, and brought up to 130,000 kw are marked A, 
B, and C, respectively. This will permit the vibration record to 
be compared with the expansion record shown in Fig. 10 and re- 
ferred to later. 

There has been oceasion to try the vibrometer on other tur- 
bines in the field where there were vibration problems, and it 
proved itself to be a valuable tool. On one machine where it 
was used, the machine had developed spells of vibration the period 
and amplitude of which were accurately recorded on the meters. 


625 
Aha 


626 


On the basis of these field experiences, as well as that at Rich- 
mond Station, the author believes that the continuous log of 
vibration obtained by the recorder is a valuable operating record 
that justifies its more general use. 

The vibrometers also have proved to be of rugged construction 
and able to withstand moving around from one job to another. 
When the detector came back from the field job, it was set up in 
the laboratory to check, and found to be in perfect balance 
ready to be used again without readjustment. 

Fig. 10 shows a record of the expansion while putting the unit 
in service after an overnight shutdown on the turning gear and 
corresponds, over the period from 4:30 a.m. to 8:45a.m. to the 
vibration record shown in Fig. 9. 

At 4:50 a.m. steam was admitted to roll the unit, thus taking 
it off the turning gear. At 5:15 a.m. acceleration was begun and 
the vacuum was gradually increased to its normal value. At 
6 a.m., point B, the machine was up to speed and was put on the 
line, and at 8:00 a.m. the unit was carrying 130,000 kw. This 
record shows the temporary cooling effect of rolling the unit 
under steam with increasing vacuum, after it has been rolled for 
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contraction was found to be caused by local cooling of a section 
of the cylinder by gland sealing water, and proper steps to correct 
the trouble were taken. 

The generally accepted method of detecting rubs in a turbine, 
caused by mechanical contact between the stationary and moy- 
ing parts of the sealing details in the glands, or blading, is to use 
a listening rod. The noise meter gives results similar to the 
listening rod and has the advantage that it brings the noise to one 
central location at the gage board. As is the case with the lis- 
tening rod, the operator has to get accustomed to the various 
noises in the machine before they are able to detect a rub. 

On a large machine, it is extremely difficult to separate the 
various noises heard in the machine, and the steam noise tends 
to drown out any rub that might take place. On large machines, 
the operators seldom attempt to use a listening rod after there is 
any appreciable steam flow through the unit. 

On smaller units, say 10,000 to 15,000-kw, the various noises 
are more readily distinguished, and the noise meter has been used 
on some of these smaller units with a considerable degree of suc- 
cess. 
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Fic. 9 VIBRATION CHARACTERISTICS WHEN PUTTING THE UNIT BACK IN SERVICE AFTER AN OVERNIGHT SHUTDOWN 


several hours on the turning gear with low vacuum and con- 
densate recirculation from the air ejectors. 

It also shows the time lag in the expansion since, though the 
unit was brought up to 130,000 kw at 8:00 a.m. and kept there, 
the unit was still expanding at 8:45. 

The small vertical marks noticeable at 4:58, 5:40, 6:22, 7:05, 
and 7:47 a.m., represent the automatic checking of the instru- 
ment against a standard cell. 

The operating experience with the expansion meter has been 
entirely satisfactory. The instrument draws a line record of the 
thermal expansion and contraction of the cylinder as it heats and 
cools, due to starting and stopping. It also shows the effect of 
load changes on the machine. 

The information given by the expansion meter has proved to 
be of great assistance during the starting period, in that it shows 
accurately whether or not the cylinder parts are expanding nor- 
mally and gives warning if the sliding joint is not functioning 
properly. The instrument readily shows the difference between 
greasing the pedestal and letting it run dry. The dry pedestal 
shows up as a jagged line on the chart. The general effect of 
such restricted expansion is to twist the cylinder and since the 
cylinder is keyed to the bearing pedestal, it will throw the bear- 
ings out of line and vibration will set in. It is possible that such 
twisting of the cylinder may be sufficient to cause a rub in the 
machine. 

In addition to the vibrometer, the expansion meter has been 
used on several other turbines in the field. On one of these, the 
instrument proved itself extremely useful, by calling attention to 
an abnormal contraction of the cylinder at a certain load. This 
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‘onsideration has been given to supplementing the amplifier 
with a filter that would eliminate the steam noise. The fre- 
quency of the steam noise, however, varies with the valve lift 
and the filter could not eliminate the high-pitched steam noises 
sometimes encountered without also filtering out a rub. The 
filter, however, would have the advantage in that all low-frequency 
noise would be eliminated, such as bearing and pump noise, and 
the noise from the circulating pumps transmitted through the con- 
denser to the cylinder is of considerable volume. Therefore, the 
elimination of these deeper frequencies of the noise might be § 
great improvement. 
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Tests of a 50,000-Sq Ft Surface Condenser at 
Widely Varying Temperatures, Velocities 


of Inlet Water, and Loads 


The purpose of this paper is to enhance the understand- 
ing of the undercooling of condensate and of the heat- 
transfer coefficient. The author replaces the heat-trans- 
fer coefficient with a simplified form of the reciprocal of 
the heat-transfer coefficient; viz., the local resistivity 
taken at the cooling-water-inlet end of the condenser. 
Exhaustive tests on a modern condenser show first, that 
superheating of the condensate, as generally defined, is 
possible if provision is made for the recovery of the velocity 
energy of the steam flowing into the condenser; and sec- 
ond, that a practicable correlation exists between the re- 
sistivity at the cooling-water-entrance end of the con- 
denser and the Reynolds number of the cooling water at 
the tube entrance. 


little accurate information is available on their actual 

performance under different operating conditions. For the 
modern power station, with large steam turbines, the condenser 
is a major economic problem. More knowledge as to condenser 
performance is needed in order to strike the best balance between 
the large space the condenser occupies, the great quantities of 
circulating water it requires, the power it consumes for auxiliary 
units, and the low back pressures demanded to reduce the steam 
rate of the turbine. It is for this reason that the author, assisted 
by an improved testing technique and a more detailed analysis, 
has prepared this paper. 

For a thorough understanding of condenser performance, it is 
necessary to consider two different circuits which involve three 
different fluids, namely, steam, air, and water. These two circuits 
are: 

(Al) The steam-air circuit, which changes principally with 
different loads on the turbine or with different amounts of air 
in-leakage to the condenser. 

(A2) The hydraulic circuit, which varies principally with 


) tle ao condensers have been in use for many years, but 
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lators in condenser practice. 

Furthermore, from an economic point of view two resistances 
are to be included. These are: 

(B1) The resistance to heat flow, which can be split into 
(a) the resistance at the inside of the tube in the water space, (b) 
the resistance through the wall of the tube, and (c) the resistance 
outside the tubes in the steam space. 

(B2) The resistance to the fluid flow in the circuits mentioned 
under (Al) and (A2). This can be divided into (a) the resistance 
to the steam flow outside the tube banks, through the tube bank, 
and through the air cooler; and (b) the resistance of the cooling- 
water flow through tubes, the water boxes, and piping. 

This paper deals with the parts of the steam-air circuit out- 
side the tube banks. It also deals with the resistance to heat 
flow, in which a theoretical analysis of the three component 
resistances is introduced in order that only the total resistance 
need be considered in the practical application. The hydraulic 
circuit is not treated in this paper. 

Two methods can be followed in analyzing a condenser. One 
method is to study the performance of the condenser as a whole, 
and the other is to study each tube individually. The author has 
preferred to take the point of view of analyzing first the con- 
denser as a whole or as an assembly of parts so that, later on, a 
study of the tubes themselves can be made to improve the per- 
formance. 

To furnish the material for the analysis of a condenser, the 
author ran exhaustive tests for nearly one year on one of the new- 
est condensers installed by The Detroit Edison Company. The 
test conditions were varied over five circulating-water inlet 
temperatures ranging from 32 to 75 F, over four generator loads 
ranging from 20,000 to 50,000 kw, and over nearly a full range of 


circulator speeds for one and two pumps, corresponding to a range ~ 


of water velocities from 3 to 7 fps through the condenser tubes. 

Furthermore, it is believed that the accuracy of the data ob- 
tained is noteworthy. In testing, an attempt has been made to 
keep the accuracy of the measurement of the steam and water 
temperatures within 0.1 F, and the absolute pressures within 
0.003 in. hg. In a modern, single-pass condenser, where the 
pressure drop through the whole condenser is as low as 0.015 in. 
hg, and the temperature rise of the circulating water is as low as 
4 F, high precision of the absolute values of pressure and tem- 
perature is a necessity. 

In order to give a better understanding of the paper, a descrip- 
tion of the unit is given first with a tabulated summary of data 
and results for some representative tests. 

The main subjects of this paper are discussed in the analysis 
and are limited to (a) the undercooling of the condensate, and 
(b) a method of representation of the all-year-around performance 
of a condenser by a single curve. Only the results of the tests on 
the condenser referred to previously have been taken to discuss 
these subjects, although many additional proofs from tests on 
other condensers could have been added. The method of analysis 
used for this condenser is applicable to many others which show 


different speeds of the centrifugal pumps, which are called circu- 
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Fig. 1 SeEcTIoNAL ELEVATIONS OF THE CONDENSER AND TURBINE EXHAUST 


the same characteristics, although in varying degrees according 
to their features of design and range of operating conditions. 

An appendix concludes the paper by giving some examples of 
the accuracy of the test instruments and the data obtained. 


DESCRIPTION OF THE UNIT 


The unit consists of the turbogenerator, condenser with 
internal air cooler and reciprocating dry-vacuum pump, two 
circulating pumps, generator air cooler, and four extraction 
feedwater heaters. The turbine is at the west end of the turbo- 
generator east-west axis, and the condenser axis is transverse to 
this axis, the circulating pumps being south of the condenser. 
The unit, which is the No. 13 main unit in Delray power house 
No. 3, was placed in service late in 1933. 


THE CONDENSER 


This is a single-pass, Worthington condenser, with an external 
cooling surface of 50,630 sq ft consisting of 8143 brass tubes in- 
cluding 698 tubes segregated in an internal air-cooler located on 
the lower west side of the condenser as shown in Fig. 1. The 
tubes are 1 in. outside diameter, have a wall thickness of No. 
18 Bwg or 0.049 in., and a length of 23 ft 9 in. between the tube 
sheets. 

Steam enters the top of the condenser through a 14 X 21-ft 


neck, the net flow area at the braces being approximately 250 sq 
ft. This steam has direct access to the hotwell by two path’, 
one of which is through a lane between the two folded-layer 
tube banks and holes through the air-cooler suction duct below. 
The other path is between the east tube bank and the east wall 
of the condenser shell. 

The air-cooler suction duct enables air to be drawn from the 
center of the east tube bank as well as from the center of the 
west tube bank. A vertical condensate baffle in the air cooler 
creates a two-pass effect. The air is taken off at the inlet-water 
end of the condenser shell at the bottom of the air box through a 
16-in. pipe which leads to the suction of the two-stage feather- 
valve 35 X 18-in. reciprocating dry-vacuum pump. 


Tue TURBOGENERATOR 

This unit is capable of an output of 50,000 kw at back pressures 
under 2 in. hg abs, with initial steam conditions of 375 lb per sq in. 
gage and 700 F, at a speed of 1200 rpm. The 21-stage Curtis 
turbine has a by-pass admission valve to the fifth wheel which is 
opened only after the governor control valve on the main line 
to the bow] is wide open, which occurs at a load of approximately 
43,000 kw. Steam is extracted for feedwater heating at the 9tb, 
13th, 16th, and 19th wheels. The 21st wheel has a diameter of 
13 ft 11 in. across the blade tips; it has 372 blades 30.25 in. high 
across the free-flow area with an exit angle of 45 deg. 
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Steam escaping through the high-pressure labyrinth shaft 
packing is condensed in the 16th-stage feedwater heater. The 
heater drains cascade. The 19th-stage heater drains, which 
therefore consist of all bled steam and the high-pressure shaft 
packing steam leakage, are pumped into the feedwater line be- 
tween the 16th- and 19th-stage heaters, and this total flow of feed- 
water is raised to a pressure of about 500 Ib per sq in. gage by 
the boiler feed pump between the 9th- and 13th-stage heaters. 


TESTING PROCEDURE AND TECHNIQUE 
OPERATING CONDITIONS FOR TEST 


A total of 87 runs was made with bleeding operation of the 
turbine and one with nonbleeding operation. At each different 
water-inlet temperature, combinations were made of four 
generator-load conditions from 20,000 to 50,000 kw and of four 
circulator speeds from the lowest of 180 rpm to the highest of 
240 rpm. The two circulators were always operated at equal 
speeds. To obtain low velocities of the cooling water, 27 runs 
were made with only one circulator operating. The dry-vacuum 
pump speed was always set at the usual operating speed of 100 
rpm. 

Generally four, 1.5-hr runs were made in one day with intervals 
of 1 hr, readings being taken at 15-min intervals. Preliminary 
readings were taken during the half hour preceding arun. During 
any one day, the turbine load was not changed with the exception 
that runs at loads of 30,000 and 40,000 kw were made on the 
same day. 

In order to have constant steam pressures in the condenser and 
constant outlet temperatures of the circulating water, the 
constancy of the steam flow to the condenser was given special 
attention. This flow is the difference between the total steam 
flow to the turbine at its throttle and the extraction steam flow 
to the feedwater heaters. The total steam flow to the turbine 
was kept constant by locking its governor and by maintaining 
the station steam pressure exceptionally steady. The extraction 
steam flow was held constant by maintaining a steady feedwater 
flow through the heaters of this unit. This was done by close 
regulation of the several feedwater pumps of the station, which 
operate in parallel. 

As the station was under base load during test periods, good 
results were obtained by this procedure. For 57 runs the fluctu- 
ations of the back pressure during the run were within 0.010 in. 
Hg, as measured at the south wall of the condenser neck; and for 
31 of these 57 runs, these fluctuations were within 0.005 
in. Hg. The air leakage was very small, varying between 0.7 and 
2.0 cfm during all tests with the exception of the one nonbleeding 
run No. 36 when air was admitted to the dry-vacuum pump 
suction to obtain 1 in. Hg back pressure. . 


GENERAL TESTING TECHNIQUE 


Many more observations were made than the minimum re- 
quired for the calculation of the results. In this way the data 
could be strengthened greatly by cross checks; that is, absolute 
checks by measurements of the same quantity by separate ob- 
servations using instruments operating on different principles, 
and relative checks by using known relationships between dif- 
ferent measured quantities. 

For each of these condenser tests, about 170 different items 
were measured. As the moisture content and flow of the wet 
steam at the condenser entrance cannot be measured directly 
with satisfactory accuracy, about 60 of the items were measured 
on the turbogenerator and the feedwater heaters in order to 
evaluate these wet-steam conditions. For the condenser steam 
circuit and heat transfer, 40 temperatures and eight steam pres- 
sures were measured. In addition, circulating-water pressures 
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were measured at 11 points and water levels at five points in 
order to calculate hydraulic resistances and circulating-pump 
performance. 

Table 1 gives the principal data and calculated results for 
30 representative runs. Fig. 2 shows the locations of many of 
the temperature and pressure measurements. A complete ac- 
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count of all instruments would be tedious, but some details 
concerning a few of the outstanding measurements are given in 
the Appendix. 


ANALYSIS 


(Al) Tue Sream-Arr Circuit 


One of the circuits which has been the least mentioned in 
condenser design is the steam-air circuit. This circuit is the most 
difficult to analyze. The author has found that two items help 
in the study of this circuit problem. These are: (1) Measuring 
the exhaust velocity and static pressure of the steam coming out 
of the turbine, and (2) measuring the successive steps of pressure 
drop through the condenser. The first item isin reality a turbine 
problem,? and it will be mentioned only in so far as its results are 
necessary in considering the condenser problem. The second 
item is a highly essential one in analyzing a condenser, because 
the pressure drop through a condenser should be kept as small 
as possible in order to obtain the best performance. 

The steam-air circuit can be divided into three parts: (1) The 
steam flow outside the tube banks, (2) the steam flow through the 
tube banks, and (3) the steam flow through the air-cooler. In 
this paper only the steam flow outside the tubes will be handled, 
and this subject will deal with the steam entering the condenser 
and the superheating of the hotwell condensate. 

The Steam Flow Entering the Condenser. From an examination 
of the steam circuit it is evident that the steam leaves the last 
wheel of the turbine at widely varying velocities, depending upon 


2 “Steam Turbine Testing,” by C. H. Berry, Mechanical Engineer- 
ing, vol. 57, 1935, pp. 705-709. 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Run No. . . 
Date® (duration 1l-l/x hour in most “olses) 
Average inlet temperature of circuluting 
Load at generator terminals by rotating standa 
Average speed of ci ireulators, rpm 
Total a-c power input to circulating- notors, 
Speed of dry-vacuum pump, rpm. . 

Dry air flow at vacuum-pump discharge ty” gssometer, sta 


Exhaust-Stean Pressures by Absolute-Pressure s 
Prandtl tube total, uncorrected for attack angle, in. Hg at S2F 
Prandtl tube static, uncorrected for attack angle, in. Hg at 
South wall of condenser neck at N-S centerline, in. Hg at c2t 
West wall of top of hotwell at i-W centerline, in. Hg at 32F 
Roof of air-cooler suction duct at north end, in, He at (2F . 
Roof of air-cooler suction duct at south end, in. Hy at 2F . 
Air-cooler offtake at north end, in, Hg at 72F . a ae 
Condenser end of vacuum-pump suction line, in, [lg at * 328 ee 


Inlet circulating water at eust pump 
Inlet circulating water at west pump discharge, F . ee 

Outlet circ water 8-point average for east half of tail pipe, 

Outlet circ water 8-point average for west half of tail pipe, 
Outlet circ water 16-potnt average for tail pipe top, F... 
Steam at west wall of top of hotwell at E-W centerline, F.. 
Condensate in discharge line ell at bottom of hotwell, F .. 
Air-steam mixture in concenser ena of vacuum-pump suction line 
Air-steam mixture in pump end of vacuum-pump suction line, F 


Steam 3 or inches in from south “wall of condenser n ck, F 

B8team 9 or 10 inches in from north wall of condenser neck, F 

Well in hotwell-condensate discharge line after check valve, § 
Room at south wall of condenser neck, F.....se-s . 
Room at north wall of condenser neck, F.. . 
at west wall of hotwell, F.... % 
Room at condenser end of vacuum-pump suction Line, F 
Room at pump end gf vacuum-pump suction line, F... 


ipa arbine D3 and culuted Res 
Generator power factor, per cent 
Turbo-generator losses including 400-kw mechanical losse 
Turbine internal load at blades, kw. ses 
Output of all extracted steam (per he at balan nee), ar a eh 
Output from steam going to concenser, kw .. . 
Steam flow at throttle cule boiler-feed venturi. ae te r, 
Steam admission through overloud: by-pass line ed Sth wheel, 
High-pressure shaft pucking stean le akage, lb/h ee 
Total steam extraction (by heat bal of Sonduatee heater s), 1 lt/h 
Wet steam flow to condenser fro: 2lst wheel of turbine, 1b/ 
Energy utilized by, blades from st am going to cond enser, B 
Well thermocouple® in stcam line before throttle, F.. 
Wall thermocouple ® in stcam line before throttle, F.. 
Steam pressure in muin line before throttle, 1b/sq in 
Steam pressure in main line after governor valve, 15/ 
Steam pressure in overload line after overload valve, 
Enthalpy of steam before throttle, Btu/lb.... 
Enthalpy plus velocity cncergy of steam leaving vist wi 
Prandtl tube attack angle assuming 25° exit-flow hey ang 
Prandtl tube total press. corr'd for attack angle in. 
Prandtl tube static press. corr'd for attsck angle 5, in. 
Steam vel head leaving 2lst wheel at Prandtl tube, in. He 
Steam velocity leuving <lst wiecl at Pranatl tube, ft/sec 
Velocity energy of wet steam at Prandtl tute, Btu/lb 
Wet steam enthalpy at Prandtl tube, Btu/lb .... 
Energy available to turbine assuming no exhaust vel loss, 
Heat energy of steam conyerted to kinetic energy by turbine 
Turbine efficiency of conversion (consiiered as a nozzle), 


nc ndenser 
Moisture content of wet stcam at Prandtl tube, per cent . 
Flow by weight of dry stcam to condenser, lb/hr. .... 
. Flow by volume of cry stcaza at concenser neck, cu ft/sec 


Steam velocity at condenser neck from volume flow, ft/sec °° 
Steam vel head at condenscr neck from volume flow, in. Hg 72 
Enthalpy drop of wet steam in conuensing, Btu/lb . 


Beat loading ref'd to internal surface of 45,670 sq ft, Stu/hr sq 
Circulating-water enthalpy rise weighted ty vel traverse’, Ptu/lb 
;Circulating-water flow through condenser by heat balance, gal/min 
‘Circulating-water velocity through condenser tubes, ft/sec ... 
Circulating-water log. mean texpereture through condenser tube., F 
7 Circulating-water mean Reynolds number through condenser tubes .. 
Ratios of log. mean temperature differences to internal heat loading: 
75. from condenser-neck thermom@ters 10 inches in, F hr sq ft/1000 btu 
from hotwell-condensate discharge thermocouple}, F hr sq ft/1000 Btu 


~ Heat given up by sealing water anc condensed steam, millions ttu/ hr 
f 


but of 1 std cu ft 
®ealibrated; 


"Rung. 1-64 in 1935, runs 65-88 in 1936; 0.0308.10; 
to 4 0.7F at 700F, operating instrument; 


® Refers to footnote no. 14 of the paper 


summer and winter cooling-water conditions and generator load- 
ing. Thus, in winter time, for the highest generator loading and 
the highest speed of the circulators, listed as test run No. 65 in 
Table 1, the absolute exit velocity was 1583 fps. The sound 
velocity was 1375 fps, and the corresponding Mach number, 
that is, the ratio of actual absolute velocity to acoustic velocity 
at that pressure, was 1.151. Forthe lowest loading and the slowest 
speed on one circulator in summer, listed as test run No. 64 in 
Table 1, the exit velocity was 548 fps, the acoustic velocity was 
1412 fps, and the Mach number was 0.388. 

The steam, after leaving the last wheel of the turbine, has to 
flow through an exhaust elbow before entering the condenser. 
The net annular flow area of the last blades of the steam turbine 


°condensztion in gage line; 


TABLE 1 SUMMARY OF 


135500 


3.001 
3.528 


but guaranteed by manufacturer 


fyy pitometers at location of circulating-water outlet thermocouples. 


is 81.7 sq ft. The net area at the top flange of the condenser is 
250 sq ft; the steam velocity would be reduced to nearly one 
third, assuming equal velocity over this last area and the same 
absolute pressure as at the turbine wheel. That this velocity 
will be equal over this area is naturally not true, but that the 
steam-flow distribution over this area changes systematically 
with changes of load, water-inlet temperature, and circulator 
speed is true. To prove this, the steam temperature was measured 
with 10-in. stem immersion mercury thermometers, at the north 
and south ends of the condenser neck at its center line. For the 
50,000-kw runs, the steam temperature at the south end of the 
condenser neck is 0.4 F lower in summer time and 1.9 F higher in 
winter time than its companion at the north end of the condenser 


2. 1/7 1/7 1/7 1/8 1/3 11d 1/14 1/15 3/26 
32.97 33.0c 35.21 35.28 32.82 33.17 33.04 33.15 32.75 33.48 42.08 
49680 49720 43910 43640 59930 40209 49530 29969 20549 20640 50520 
2 2 2 2 West 2 West West 2 West 2 
2 6. 237.4 221.2 400.7 178.2 173.2 259.7 178.9 240.5 239.5 178.6 220.3 
617 496 3660 259 137. «630 139335 637 137 498 
8. 100.0 100.0 99.4 99.0 99.5 99.5 99.8 99.5 104.0 104.0 98.9 
9. cu ft/ain®’ . 1.41) 1.202 1.216 1.250 1.023 0.999 0.875 0.644 0.960 0.913 1.963 
10. 0.901 0.907 0.919 0.997 0.915 0.713 0.729 0.543 0.399 0.426 0.657 
0.4.7 0.45£ 0.442 0.475 0.606 0.356 0.485 0.349 0.271 0.334 0.554 
12. 0.440 0.463 0.489 0.631 0.371 0.516 0.370 0.285 0.350 0.607 
13. 9.548 0.561 0.579 0.597 - © 9.457 0.573 0.414 0.312 0.371 0.694 
14. 0.381 9.391 O.4le 0.439 0.589 0.333 0.473 0.339 0.267 0.327 0.568 
15. 9.354 0.364 9.384 0.408 0.539 9.317 0.444 0.324 0.264 0.314 0.534 
16. 0.285 9.300 0.301 0.383 0.289 0.335 0.278 0.264 0.279 
17. 0.273 0.270 0.285 0.287 0.344 0.275 0.395 0.267 0.262 0.263 0.466 
18. 32.98 35.04 33.23 33.30 33.18 382.76 42.08 
19. 32.96 32.99 33.18 33.25 32.82 33.15 33.04 33.15 32.73 33.48 42.07 
Se eS 20. Lee 39.71 40.34 41.40 42.66 47.88 38.52 45.08 39.74 35.90 40.30 49.19 
21. 38.62 59.06 40.35 41.56 47.24 37.75 44.49 39.23 35.24 39.96 48.60 
22. 39.26 39.85 40.87 42.10 47.56 38.14 44.79 39.48 35.57 40.14 48.90 
Srey 22, Sis 61.53 61.85 6.81 63.76 68.79 56.29 62.59 53.50 46.03 51.00 67.77 
24, 60.44 60.98 61.95 62.83 68.13 55.48 62.01 52.68 45.46 50.26 67.30 
res 25, ae 49.0. 48.67 48.87 49.18 53.11 49.41 51.50 49.94 49.51 51.12 61.20 
26, 75.25 72.55 74.95 75.15 77.00 77.66 78.61 75.80 72.68 80.16 77.50 
27. 53.18 53.77 55.12 56.65 64.38 49.14 58.78 49.5£ 42.99 48.74 62.76 
28. 51.32 53.81 55.88 63.93 48.25 58.39 49.26 42.53 48.39 62.41 
28A. 60.42 61.c5 62.19 63,06 67.73 55.83 61.69 53.15 45.65 50.35 67.44 
29, 76.4 75.7 77.6 78.3 61.9 77.3 78.6 77.9 75.6 62.2 681.6 
ace dle 30. Reig 90.7 91.7 92.6 93.4 96.9 91.9 93.7 92.8 90.7 96.1 93.4 
21. 66.8 68.1 68.6 71.9 69.0 69.1 68.7 64.9 71.7 73.5 
32, 72.1 %%3.2 71.9 73.7 75.2 73.6 73.0 74.0 68.9 60.0 60.8 
33, 77.8 77.5 78.6 79.0 981.5 80.9 60.2 61.8 78.9 66.7 81.9 
34. 74.6 74.6 75.6 75.8 75.4 74.8 76.8 78.7 76.5 79.6 75.3 
35. : 1720 «#41790 «#1780 1790 1680 1680 1570 1510 1510 1800 
dane 36. : 51470 51510 51700 51420 51820 41880 42210 31530 22050 22150 52320 
37. 6180 61c%0 6060 5870 S860 5640 5500 3860 2490 2430 6010 
38. 45290 45390 45640 45550 45960 26240 36710 27670 19560 19720 46310 
39. hr 495300 494600 497000 491300 490800 591400 2369500 187300 205500 204200 496100 
40. hr 83300 84600 89000 91400 8300 0 75700 
41. 4390 4510 4430 4870 4670 4£20 4260 3280 3040 2780 3830 
ona. 42. r 115200 114700 115300 112500 110300 86500 82900 58400 38600 37500 115500 
43. 375600 275400 377400 373900 375900 300700 501300 225500 163800 163900 378700 
Pe 44. . 411.4 412.5 412.6 415.6 417.1 411.2 415.7 418.6 407.3 410.5 417.2 
sear 45. : 719.9 717.7 714.8 722.6 736.4 721.5 739.6 740.9 712.6 725.6 705.3 
a ae 46. ; 713.4 713.7 711.7 721.6 728.3 717.9 734.6 737.7 707.6 722.5 702.3 
47, 411.6 409.0 410.9 407.9 408.8 413.4 414.0 416.4 418.0 419.2 407.5 
48. 397.7 395.8 395.9 390.6 399.1 351.2 353.6 262.8 185.7 166.6 294.3 
49. 245.0 243.9 246.4 4244.7 246.7 189.3 190.7 142.9 100.5 101.1 235.3 
“pela 50. of. 1372.8 1271.8 1370.1 1374.4 1362.3 1373.6 1383.7 1384.4 1368.6 1275.7 1564.9 
Re ile 51. lof. 369.9 967.9 966.3 967.9 973.7 962.4 968.0 965.8 961.3 965.2 955.7 
52, 32.9 32.9 32.6 31.9 26.8 32.4 28.6 29.0 28.0 25.4 29.0 
55. . 1.205 l.ile 1.202 1.142 1.040 0.931 0.625 0.623 0.445 0.462 0.982 
ee 54. "2F . 0.546 0.55¢ 0.558 0.574 0.663 0.443 9.529 0.385 0.293 0.348 0.611 
0.659 0.660 0.644 0.568 0.377 0.488 0.296 0.238 0.152 0.114 0.371 
56. 1585 1580 1558 1470 1175 1524 1160 1200 1106 905 1206 
ere 57. te 42.51 42.26 41.04 56.74 23.89 59.40 £3.30 24.95 21.25 14.34 24.71 
‘2 58. te 927.5 925.6 925.2 921.1 949.8 923.0 944.7 940.8 949.9 950.9 931.0 
eae 59. oa S£2.7 521.4 520.3 520.7 519.4 517.4 515.7 514.2 499.2 495.2 512.5 
60. . 454.9 454.8 4523.7 452.4 441.0 450.6 439.0 443.6 428.6 424.8 441.9 
cent . 86.9 87.£ 87.< 86.9 684.9 87.1 65.1 686.3 85.9 85.8 986.2 
62. 15.2 15.3 15.3 14.8 13.3 15.2 13.4 18.8 13.0 12.2 14.9 
65. 313000 319700 318700 326000 255000 £61100 195600 142500 143800 322200 
64. 139500 129500 111200 93800 126400 91900 94600 87400 71600 99100 
65. 558 518 484 375 506 367 378 350 286 396 
Sc eee 66. oe 0.0453 0.0438 0.0419 0.0389 0.0299 0.0326 0.0239 0.0164 0.0124 0.0102 0.0318 
67. 941.4 938.9 936.3 937.0 937.5 938.9 937.9 944.9 947.8 946.9 920.4 
68. 354.2 355.0 353.9 351.0 353.0 262.6 263.2 213.5 155.8 155.7 349.1 
t 7756 «#97729 7685) 7729) 6193. 4675 S411 3409 7644 
6.31 6.85 7.67 8.62 14.62 4.97 11.82 6.39 2.64 6.71 6.85 
Wer ee , 112100 102900 92200 79500 47560 113700 47840 66740 109600 46330 101600 
6.91 6.35 5.68 4.90 2.93 7.01 2.95 4.12 6.76 2.86 6,27 
36.3 36.7. 37.3 38.1 41.0 35.8 39.5 36.6 34.2 37.1 45.7 
£9210 27000 24460 21420 13489 29350 18220 17470 27460 12260 31180 
2.060 2.113 2.212 2.374 2.081 2.076 2.743 2.498 3.2356 2.209 
tn - ° 3.116 3.161 3,163 3,240 3.184 3.643 3.502 3.294 3.863 2.830 


FUELS AND STEAM POWER 


DATA AND RESULTS 


3° 23 58 9? Be 29° 
3/26 4/2 4/4 3/27 3/29 4/3 4/3 5/2 5/3 s/l 
42.37 41.50 41.00 42.51 41.15 40.67 50.16 486.33 46.2% 48.74 
50360 48020 49550 40969 20760 <0800 49730 41530 41050 £9820 
2 West East 2 2 West 2 West i 
199.6 178.9 178.9 177.6 220.5 179.1 201.3 237.3 176.2 179.2 
367 138 12y “62 491 138 370 619 134 267 
7 96.2 98.5 99.4 99.0 102.4 102.7 02.2 103.1 
1.012 0.914 0.939 1.009 1.655 0.617 0.863 1.348 21.80 1.880 
0.8668 0.997 1.017 0.738 0.465 0.519 1.040 0.605 1.159 0.704 
0.579 #O.755 90.768 0.518 0.370 0.438 0.781 0.599 0.955 0.583 
0.634 0.803 0.8615 0.575 0.388 0.448 0.835 0.644 0.99% 0.602 
0.717 0.862 0.854 0.625 0.4068 0.468 0,862 0.692 -- 0.634 
0.537 O.771 O.775 0.553 0.373 0.437 0.786 0.603 0.971 0.561 
0.562 O.731 0.7353 0.535 0.368 0.423 0.758 0.587 0.959 0.565 
ee 0.678 0.686 ee 0.409 0.708 0.557 0.927 0.548 
0.490 0.643 0.652 0.476 0.267 0.399 0.674 0.528 0.958 0.531 
2.37 41.00 42.51 41.16 . 50.16 48.04 46.22 48.75 
42.36 41.50 ee 42.50 41.14 40.67 £0.15 48.351 46.21 48.73 
$0.25 55.75 55.98 49.64 44.58 47,52 $8.48 55.67 61.12 54.42 
49.66 55.06 54.397 49.235 43.96 47.04 $68.05 53.29 56.65 54.00 
43.96 $5.41 55.48 49.53 44.27 7.28 58.27 £3.48 59.89 54.21 
68.83 74.23 74.68 65.02 $3.93 56.81 75.34 67.84 60.17 65.08 
68.42 73.9% 74.3 64.60 52.93 56.72 74.86 67.47 79.94 4.92 
62.31 67.76 67.51 61.25 56.95 58.77 68.03 61.37 61.16 59.39 
78.50 680.74 680.61 77.85 77.04 79.39 79.36 77.73 79.% 74.65 
64.28 71.73 72.11 61.78 ee 55.54 72.61 65.97 78.79 
63.68) 71.84 71.86 61.41 ee 55.69 72.54 04.8 78.83 
68.40 73,86 74.26 64.74 52. 56.67 74.8 67.39 79.77 
81.2 61.1 80.3 80.5 77. 77.9 79. 76.4 84.¢ 
94.1 92.4 92.2 93.8 88.9 95.8 68.2 67.8 92 
74.9 76.% 75.7 3.5 72.9 71.3 75.1 71.2 6.1 
8).7 78.7 76.5 60.4 78.9 77.2 76.7 735.4 78 
62.1 83.1 62.4 62.7 82.5 83.1 62.6 61.2 82.3 
78.7 75.9 73.3 77.4 79.7 60.7 7€.8 77.€ 77.8 76.6 
1760 1769 1790 1679 1510 1519 1770 1680 1679 15890 
$2120 49760 51140 4260 22270 £2219 51500 435010 4-700 31400 
6030 «310 5430 £339 2410 S570 v5} 3660 
46050 43660 $5659 372029 198890 19999 459.0 2750 4-700 77490 
497190 474790 491200 336100 201300 494800 296500 63400" <89500 
3 9 


1.014 1.084 9.813 437 £21.12: 1.<Jt 
0.637 «799 0.804 0.554 9.2683 0.613 0.629 0.962 0.599 
0.377 0.273 >. “B80 0.259 0.104 0.293 0.234 0.224 0.133 
1195 943 297% 367 793 774 
24.37 15.40 15.65 19.58 9 16.12 16.39 11.09 10.53 
934.0 943.1 947.3 931.7 5 949.1 950.3 971.3 960.5 
510.9 499.7 $00.8 503.7 495.3 501.4 508.9 485.3 492.7 
39.3 426.1 426.1 434.5 428.1 432.5 415.9 $72.5 
86.0 65.3 85.1 86. 85.38 o.4 5.2 8s 65.8 

12.1 

92000 

§9700 

239 

0.9119 

938.1 

215.9 

4727 

5.47 

78800 

4.86 

$1.7 

£6600 

2.508 2.559 
2,895 3.387 3.330 2.974 2.997 2.600 2.648 2.614 3.520 2.802 
Svluctuations, during rfim. of back pressure:at gouth wall of nser neck le 


0.030 tn. We; “onloulated from weig 


neck, and this change takes place gradually from summer to 
winter. This is shown in Fig. 3. The explanation of this phe- 
nomenon can he found in the velocity direction of the steam leav- 
ing the last wheel of the turbine. Under summer conditions these 
velocities are small and directed with the wheel rotation while in 
winter they are large and opposite to this rotation. 

On the other hand, the steam temperature, measured 10 in. 
in at the south end of the condenser neck, was lower than the 
steam-saturation temperature corresponding to the pressure 
measured directly at the wall. At 50,000-kw load this difference, 
which was as low as 0.2 F in summer, had a maximum value of 
1.6 F in winter. This excess, which gradually increases with 
decreasing hotwell-condensate temperature as shown in Fig. 4, 
is a velocity-head effect. Obviously, the pressure measured at 
the condenser-neck wall is not a static pressure, but includes a 
part of the velocity head of the steam. 
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5/2 6/4 €/5 6/5 6/6 8/13 8/13 8/14 8/14 8/16 
45.92 62.86 61.73 61.63 61.23 75.99 75.47 74.93 74.7 16.77 
19949 50630 40780 30660 20509 49630 49299 40210 30500 19900 
2 2 2 2 z West 
189.1 221.4 240.7 178.0 202.5 235.0 178.0 178.5 235.3 178.5 
270 505 649 263 586 254 585 135 
103.3 102.0 102.90 102.0 102.2 102.2 101.5 .101.5 101.2 101.3 
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The velecity energy of the steam at the condenser neck can 
be recovered in the hotwell by converting it into pressure. Be- 
cause of the large center lane and the east outer lane formed by 
the shell and the tube bundle, the steam is compressed at the 
bottom of the condenser toward the hotwell where it has to come 
toastop. To prove this, the average velocity head of the steam 
at the condenser neck has been calculated from its volume based 
on the two mercury-thermometer readings. The measured pres- 
sure increase from the condenser neck to the hotwell is shown 
as a function of this velocity head in Fig. 5. It is therefore very 
important for reheating the condensate, that there are open 
lanes which admit the steam directly to the hotwell, especially 
if the absolute pressures are very low and the velocities are high. 
The steam leaving the last wheel has a very high velocity com- 
ponent along the axis of the turbine, which will tend to compress 
the steam more at the far end (in this case, at the east or generator 
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ch-tank measurements of hotwell condensate. 
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end) than at the near end, and it is for that reason that the lane 
for admission of the steam to the hotwell should be at the far 
end. Fig. 5 shows that the rise of steam pressure from the con- 
denser-neck wall to the hotwell is nearly three times the average 
velocity head at the condenser neck. That more than this 
assumed theoretical velocity head is recovered is due (1) to the 
velocity energy already in the steam when entering the condenser 
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(Since the steam is wet, the temperature difference represented by the ordi- 
nates corresponds to a pressure difference. This is a flow effect caused by 
the reversal in the rotation of the steam leaving the last wheel of the turbine 
from summer to winter conditions. Any ordinate, which is item 27 minus 
item 28 of Table 1, is the difference between the temperatures measured by 
the direct-exposed mercury thermometers with their bulbs 10 in. in from the 
inside surface of the condenser-neck wall. The abscissas are items 24 of 
Table 1; any condenser steam temperature or pressure can be used instead.) 
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Fie.4 THe Errect or DECREASING CONDENSATE TEMPERATURE ON 
THE STEAM PRESSURE AT THE SOUTH WALL OF THE CONDENSER NECK 
aT 50,000-Kw GENERATOR LoapDs 
(Since the steam is wet, the temperature difference represented by the ordi- 
nates corresponds to a pressure difference. This difference is caused by the 
horizontal flange at the bottom of the south wall of the condenser neck, 19 in. 
below the pressure connection. This projects about 5 in. in so that the meas- 
urement 10 in. in is influenced by it only to a minor degree, while the measure- 
ment taken at the wall surface includes a part of the velocity head of the 
steam flow. At a constant generator load, the velocity head increases with 
decreasing condensate temperature, because of the increase in the specific 
volume of the steam. Any ordinate is the steam saturation temperature 
corresponding to item 12 minus item 27 of Table 1. The abscissas are listed 
as item 24.) 

neck, and (2) to the higher velocities at the far end of the con- 
denser neck, 

Since the pressure measured at the condenser-neck wall is 
lower than that in the hotwell, it is clear that the pressure meas- 
ured at the condenser-neck wall is not the total pressure at 
this point. It has already been shown that it is not the static 
pressure. It is apparent, therefore, that the pressure measured 
at the condenser-neck wall by the usual means is erroneous he- 
cause it represents neither the total nor the static pressure, but 
something between them—all dependent on the flow. 

The Existence of Condensate Superheating. Since the steam is 
wet, a rise of pressure from the condenser-neck wall to the hotwell 


corresponds to a rise of steam temperature. On the basis of the 
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interpretation of this rise as a natural flow effect, the author 
claims to have the solution of a question of much dispute; that 
is, the superheating of the hotwell condensate. This is discussed 
in detail in the following. 

Undercooling or superheating of the condensate is understood 
as the temperature difference between the steam entering the 
condenser at its neck and the condensate in the hotwell. In 
customary practice the temperature of the steam at the con- 
denser neck is taken as the saturation temperature corresponding 
to the absolute pressure at the wall. When this steam tempera- 
ture minus the condensate temperature is positive, there is 
undereooling and when negative, superheating. The curve in 
Fig. 6 shows the superheating of the condensate based upon the 
absolute pressure at the south wall of the condenser neck. That 
this phenomenon of superheating the condensate has been 
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(The steam-pressure rise represented by the ordinates is the measured differ- 
ence between the saturation pressure corresponding to the temperature indi- 
cated by the thermocouple exposed to the steam at the west wall of the hot- 
well (item 23 of Table 1) and the pressure measured by the absolute-pressure 
oil manometer connected to the hole in the south wall af the condenser neck 
(item 12 of Table 1). The calculated velocity head represented by the ab- 
scissas (item 66 of Table 1) is obtained from the wet-steam flow rate to the 
condenser (item 43 of Table 1), the moisture content of the steam (item 62), 
the specific volume of the steam at the average north and south condenser- 
neck steam temperatures (items 27 and 28), and a net flow area of 250 sq ft 
for the condenser neck. Eighty-four test points are shown.) 


Fie. 5 


doubted’ and often contradicted is due to the fact that this 
does not take place in all condensers and depends upon (a) the 
design of the condenser, (b) the conditions under which it is 
operated, and (c) the point where one measures the condenser- 
neck steam pressure or temperature and what kind of pressure 
(temperature) is measured at the point selected, that is, total 


Surface Condenser,” by B. W. Pendred, Isaac Pitman & 
Sons, London, 1935, p. 136. 
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or static. 


These three conditions are discussed in the following 
three paragraphs. 

(a) The old practice has been a shell filled solidly with tubes 
which “killed” the velocity head of the steam at the top tubes. 
Later designs, such as the eccentric-shell type, the radial-flow 
type, and the type with two banks, that is, one on each side of 
the shell, or any combination thereof, provide a direct admission 
of the steam to the hotwell and make the condensate super- 
heating phenomenon possible. 

(b) This phenomenon of superheating is most evident in 
winter time, with low condensate temperatures, high vacua, and 
with high loads, as shown in Fig. 6. The highest superheating 
occurred during these tests at the high load and high circulating- 
pump speeds for the lowest inlet-water temperature, that is, it 
was 6.1 F for run No. 65 in which these conditions were 50,000- 
kw load, both circulators at 240 rpm pumping 112,000 gpm of 
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(The designation of each curve is the generator load in megawatts. Since the 
steam is wet, the temperature difference represented by the ordinates corre- 
sponds to a pressure difference. This graph can be regarded as a representa- 
tion in different form of the relation shown in Fig. 5, because the velocity 
head of the steam at a constant load increases with a decrease of conden- 
sate temperature (which corresponds to a decrease of pressure) owing to the 
increase In specific volume of the steam and consequently its velocity; and 
because at a given condensate temperature (steam pressure) the velocity 
head of the steam increases quite rapidly with an increase of generator load. 
n this connection it may be pointed out that the generator load corresponds 
roughly to a definite steam flow by weight to the condenser for any condition 
of condensate temperature (steam pressure). Each ordinate is the elevation 
of the hotwell-condensate temperature (item 24 of Table 1) above the 
saturated-steam temperature corresponding to the pressure at the south wall 
of the condenser neck (item 12). agg oe are listed as item 24 of 


Table 1 


water at 33.0 F inlet temperature. In the case of this condenser, 
the condensate superheating was less than 2 F for (1) all load 
conditions when the condensate temperature was above 70 F, the 
equivalent of a hotwell pressure of 0.75 in. Hg; or for (2) the how 
load runs of 20,000 kw, even when the condensate temperature 
was. as low as 45 F, the equivalent of 0.30 in. Hg abs, as can be 
seen from Fig. 6. 

(c) As already mentioned, undereooling is customarily as- 
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sumed to be determined by the temperature difference of the 
steam in the condenser neck and the condensate in the hotwell. 
The temperature of flowing wet steam is determined by its static 
pressure, which varies widely at different points in the condenser 
neck because of the nonuniformity of the flow of the steam. The 
magnitude of the temperature variations due to this flow condition 
is of no slight degree, as shown in Table 4. 

Consider run No. 65, for which the highest steam velocities 
were obtained. If the shielded-thermocouple temperature 
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(Since the steam is wet, the temperature difference represented by the ordi- 

nates corresponds to a pressure difference. This difference is a minor ve- 

locity-head effect of the steam flow similar to the one shown in Fig. 5, but 

oresented in the variables used in Fig. 6. The ordinates are the differences 

etween item 23 and item 24 of Table 1. The abscissas are listed in Table 1 
as item 24.) 


measurements can be relied upon, the steam temperature in the 
condenser neck showed a variation of 4.1 F. The average of the 
six shielded thermocouples, compared with the average of the 
two 9-in. immersion mercury thermometers was higher by 0.9 F; 
and compared with the saturation temperature corresponding 
to the oil-gage pressure at the south wall this thermocouple 
average was lower by 1.2 F. 

For instance, if the superheating is calculated from the 
steam temperature at the north end of the condenser neck, 
measured by the mercury thermometer reaching 9 in. in, 
one finds it to be 9 F instead of the 6.1 F as calculated from 
the absolute pressure at the south wall of the condenser neck. 
It is clear that condensate undercooling, or superheating, is 
highly dependent on the choice of the condenser-neck steam 
temperature. 

If undereooling is referred to condenser-neck steam tem- 
perature (static pressure), it has no absolute significance 
because considerable variations of static pressure, and conse- 
quently of steam temperature, will always exist due to the non- 
uniformity of the steam flow in the condenser neck. This con- 
clusion obviously applies to all condensers, since the condenser- 
neck steam flow is never uniform for any condenser. 

The author suggests that the loss which undercooling is sup- 
posed to evaluate should not be referred to the steam temperature 
(static pressure) at any arbitrarily chosen point or average of 
points in the condenser neck, but that it should be based on the 
steam saturation temperature corresponding to the total pres- 
sure, if this were known. With this procedure, superheating 
would never be encountered, since the total pressure of a flowing 
fluid never rises along the path of flow. For example, the tem- 
perature of the hotwell condensate can never be higher than the 
temperature of the steam in the hotwell, since the steam pressure 
measured there is practically a total pressure. In fact, a minor 
depression of the condensate temperature generally exists, which 
for this condenser, as shown in Fig. 7, had a maximum value 
of only 1.1 F and is related to the velocity head of the steam. 

The condenser-neck wall pressure of this condenser, which 
previously, in Fig. 4, has been proved to be not truly a static 
pressure because of the influence of the flange below it, is ob- 
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viously not a total pressure, because it is so much lower than the 
hotwell pressure. It is neither a static nor a total pressure; but 
it has been made evident in the foregoing that even if it were 
truly the static pressure, it would be an arbitary measurement 
governed by the local steam velocity. 

Summary. With the old type of condenser, in which the 
flow loss from the condenser neck to the hotwell is high, the under- 
cooling of the condensate as originally defined was made up 
principally of a condenser pressure drop. In the modern design 
of a condenser which is provided with the proper type of well- 
located open lanes, undercooling has, however, reversed itself, 
because it shows principally the degree of recovery by the hotwell 
of the velocity at the condenser neck. 

It is not surprising that the measurement of the superheating 
of the condensate has been a doubtful one, but the test data 
prove that if it is referred to static pressure taken at the con- 
denser neck it can really exist, and that it increases with the 
velocity head of the steam at the condenser neck. For any 
condenser which exhibits superheating, its magnitude will be 
different, depending on the design of the condenser, but will 
still depend upon the conditions of operation which affect the 
velocity head of the steam in the condenser neck. 

Hotwell condensate undercooling, if it is referred to the total 
pressure at some initial point arbitrarily selected in the path of 
the steam flow ahead of the hotwell, will be a quantity which is 
arbitrary only to the extent that it depends upon the particular 
friction loss of the flow between the two points. But it must be 
referred to temperatures corresponding to total pressures at the 
initial point; because the undercooling referred to the condenser- 
neck wall pressure, or any static pressure or any temperature as 
ordinarily measured (static pressure), is unnecessarily arbitrary 
since it neglects the temperature recoverable from the steam 
velocity. 


(B1) Tue Resistance TO HEatT FLow 


As a basis of comparison of different test runs, the author 
introduces the unit of heat loading H in Btu per hr sq ft, and 
defines it as the heat transferred per unit time and unit of surface. 

The general formula used in heat transfer is 


or 
In this paper, Equation [lc], will be used. 
NOMENCLATURE‘ 


overall heat-transfer coefficient, Btu per hr sq ft F 
cooling surface, sq ft 
some temperature difference between the steam and 
cooling water, F 

= heat transferred per unit time, Btu per hr 
overall thermal surface resistivity to heat flow = 1/U, 
F hr sq ft per Btu 


H = heat loading = qg/A, Btu per hr sq ft 


In customary condenser practice, A is the outer cooling surface 
of the tubes between the tube heads; q is the quantity of heat 
necessarily removed from the steam to condense it, and is de- 
termined by subtracting the enthalpy of the condensate from 
the enthalpy of the steam leaving the turbine. The temperature 

‘ For symbols used in this paper see ‘‘Symbols for Heat and Ther- 


modynamics,”’ American Standards Association, 29 West 39th Street, 
New York, N. Y., February, 1931. 
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difference ¢ is taken as the logarithmic mean temperature differ- 
ence based on the inlet and outlet temperature of the cooling 
water and the saturation temperature corresponding to the steam 
pressure measured at the condenser-neck wall. The coefficient 
U is as defined by Equation [la]. It has been the author’s 
practice to use the reciprocal of the heat-transfer coefficient 
1/U which is equal to the resistivity because of the advantage 
that its component parts are directly additive. The resistivity 
times the heat loading gives the temperature difference, or rH = t. 

In common condenser practice, this heat loading (referred to 
external surface) is from 2000 to 12,000 Btu per hr sq ft. 
The maximum external heat loading on this condenser was 
only 7500 Btu per hr sq ft because it was not originally 
designed for chlorination of the circulating water and therefore 
was amply proportioned. During all test runs, chlorination 
was used and for this reason any changes in the resistances due 
to changes in the dirtiness of the tubes have been neglected. 

The resistivity r is affected by so many independent variables 
such as circulating-water temperature, velocity, and steam 
temperature, that any analysis of its behavior appears to be a 
complex task. It develops, however, that a theoretical study 
indicates that r is affected by the heat loading to a minor degree 
only, and that its dependence upon the water temperature and 
velocity can be incorporated into a single criterion of similarity, 
the Reynolds number. 

Theoretical. No matter how well a condenser performs, it will 
never have a resistivity lower than that which can be attained 
by the single tube. The purpose of this theoretical presentation 
is to give an easy grasp of the tendency of the resistance of heat 
flow in a single tube even though its absolute value is not fully 
and exactly established. 

The resistivity r, can be split into r,;, the resistivity to heat 
flow of the cooling-water film at the inside of the tube; r,, the 
resistivity of the tube wall itself; and r,, the resistivity of the 
condensate film at the outside of the tube. The Equation {Ic} 
then becomes 


r=r+r+r, = t/H 


The Resistivity of the Tube Wallr,. This resistivity is very small 
for clean condenser tubes, or 0.062 < 1073 F for 1 Btu per hr 
sq ft. It is directly computed from the thermal conductivity of 
brass, which is 63 Btu per hrft F. For an abnormally high aver- 
age heat loading of 16,000 Btu per hr sq ft, which occurs for 0.5 
sq ft per kw, the temperature drop is only 1.0 F. Since the 
highest average internal heat loading of this condenser is about 
8000 Btu per hr sq ft, the tube wall temperature drop is only 
0.5 F. If this 0.5 F is compared with the overall temperature 
drop of this condenser, which is of the order of 20 F, it is evi- 
dent that this resistance is negligible and averages only 1 to 3 
per cent of the total resistance, which is less than the possible 
error of the testing. 

For the basis of the calculation of the resistivity r, (water to 
wall), the test results of Eagle and Ferguson® are used, whic) 
were obtained in the range of usual condenser conditions of 
heat loading, cooling-water velocity, and temperaturs. ‘These 
results were given by Nusselt in 1931¢ in the form, 


(Nu) = 0.02114 (Pr)®-365 (Re)9-819 
where (Nu) = Nusselt number,? (Pr) = Prandtl number, and 


5 “The Coefficient of Heat Transfer From Tube to Water,” by A. 
Eagle and R. M. Ferguson, Proceedings of the Institution of Me 
chanical Engineers, vol. 2, November, 1930, pp. 985-1075. 

°*‘Der Wiirmeaustausch zwischen Wand und Wasser im Robr,” 
by W. Nusselt, Forschung auf dem Gebiete des Ingenieurwesens, vol. 2, 
1931, pp. 309-313. 

7 “Heat Transmission,” by W. H. McAdams, McGraw-Hill Book 
Company, New York, N. Y., 1933, p. 96. 


This equation can be written as 
re 
A 
wer 
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(Re) = Reynolds number. Each of these numbers is dimension- 
less and requires no particular system of units of measurement, 
but only a consistent set of units in the calculation of the number. 
The resistivity r; can be evaluated from the Nusselt number, 
which is the water-film heat-transfer coefficient (referred to in- 
ternal surface) times the tube inside diameter divided by the 
thermal conductivity of the water. The Prandtl number is a 
function only of the temperature of the water, being the product 
of its specific heat and absolute viscosity, divided by its thermal 
conductivity. The Reynolds number is the product of the water 
velocity in the tube and the inside diameter of the tube divided 
by the kinematic viscosity of the water. 

It should be noted especially that the Reynolds number is 
directly proportional to the water velocity at a constant water 
temperature, and that a change in the temperature of the water 
from 32 to 80 F increases the Reynolds number 100 per cent at a 
constant water velocity. The Reynolds number is simply a 
means of correlating the cooling-water temperature and velocity. 

Equation [2] is somewhat modified by using the new thermal 
conductivity of water as determined by Schmidt and Sellschopp 
in 1932.8 It then becomes 


(Nu) = 0.02260 (Pr)®:*# 


Equations [2] and [3] refer to the conditions at the outlet- 
water end of the tube with a ratio of length to diameter (//d) of 
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Fie. 8 MEAN Surrace ResistTIvVITY OF THE COOLING-WATER FILM 
ON THE INSIDE OF A 0.902-IN. INstIpDE DIAMETER HorIzonTAL TUBE 
(The broken curves represent constant velocity of the cooling water through 
the tubes. The solid curves represent constant logarithmic mean tempera- 
ture of the cooling water. The surface resistivity, which is referred to the in- 
ternal surface of the tube, is the mean resistivity for the heated 23.75-ft 
length of the tube and is calculated from Equation [4]. Equation [4] is the 
application to this case of the results of the tests of Eagle and Ferguson,’ 
which were made on electrically heated brass condenser tubes from 0.5 to 1.5 
in. outside diameter with heated lengths of about 6 ft, over a range of in- 
ternal-heat loading of 4000 to 20,000 Btu per hr sq ft, a range of water 
velocities from 3 to 11 fps, and a range of water temperatures from 40 to 130 

. The surface resistivities of the figure have been calculated for an internal- 
heat loading of 7760 Btu per hr sq ft, but are applicable to heat loadings 
from 0 to 20,000 Btu per hr sq ft with a maximum error of only 1 per cent 

in the resistivity.) 


approximately 94 as in the tests of Eagle and Ferguson. On 
the basis of other tests, Equation [3] receives a small correction 
of only 1 per cent (a) when applied to the condenser being dis- 
cussed in this paper, the tubes of which have a ratio of length to 
diameter of 316, and (b) when corrected to the mean condition 
over the entire length of the tube instead of the end of the 
tube. Equation [3] then becomes 


(Nu) = 0.02239 (Pr)°-#¢5 [4] 


5 “‘Wirmeleitfahigkeit des Wassers bei Temperaturen bis zu 270 
C,” by E. Schmidt and W. Sellschopp, Forschung auf dem Gebiete des 
Ingenieurwesens, vol. 3, 1932, pp. 277-286, Fig. 10. 
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Equation [4] can be applied to any condenser tube for which 
l/d is greater than 250, with an error of less than 2'/, per cent 
in (Nu) or the mean resistivity r;. The term “mean resistivity” 
is used to distinguish the mean resistivity over the whole length 
of the tube from that at the outlet end. The changes in this 
resistivity due to heat loading are negligible. 

Equation [4], which is cumbersome for calculations of r;, is 
given in Fig. 8 in graphical form for a tube with an inside diameter 
of 0.902 in. and for the range of usual condenser practice. It is 
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Fic. 9 THEORETICAL SuRFACE RESISTIVITY OF THE CONDENSATE 
FILM OF QUIESCENT SATURATED STEAM ON A HorizontTAu 1-In. Ovurt- 
SIDE DIAMETER TUBE ACCORDING TO NussELT® 


(The temperatures refer to the wall temperatures on the outside surface of 
the tube. The resistivity represented by the ordinates is referred to the ex- 
ternal tube surface, and is the reciprocal of a in Nusselt’s formula, which in 


Nusselt's symbols is 
4 
@ = 0.725 nd At 


where a = the heat-transfer coefficient, Btu per sec sq ft F referred to the 

external surface of the tube; = the outside diameter of the tube, ft; At 

= the difference between the steam temperature and the temperature tw 

of the outside surface of the tube wall; and the following properties of water 

taken at the temperature (tw + '/:At): r = latent heat of evaporation, Btu 

per |b; » = density, lb per cu ft; A = thermal conductivity, Btu per ft see F; 
and » = absolute viscosity in force units, lb sec per sq ft.) 


apparent that the resistivity is a function of the Reynolds number 
and the temperature of the cooling water. For a Reynolds 
number of 30,000 at a logarithmic mean water temperature of 
62 F and a water velocity of 4.7 fps through a 1-in. tube with a 
wall thickness of 0.049 in., a 0.001 F temperature drop per unit 
heat loading is obtained; thus, r; = 0.001 F hr sq ft per Btu, 
based on the internal tube surface. Thus, for an internal heat 
loading of 8900 Btu per hr sq ft, the temperature drop through 
the cooling-water film would be 8.9 F. 

To compute the resistivity r,, Nusselt’s® formula is used, 
which is based on film condensation of dry steam vapor at rest 
with a horizontal tube and is referred to external surface. In 
order to dispose of this elaborate equation, the graphical method 
shown in Fig. 9 has been used. Here the resistivity r, is plotted 
as a function of the heat loading, which is referred to the external 
surface, called external heat loading. It shows that the resistivity 
increases somewhat with an increase of the heat loading and with 
the lowering of the wall temperature. 

The following gives some conception of the importance of the 
different resistivities. With the conditions of the example al- 
ready given for r;, the tube-wall temperature is calculated to be 
72 F. At this wall temperature and the heat loading of the 
example, which is 8000 Btu per hr sq ft when referred to ex- 
ternal surface, the resistivity of the outer condensate film is 
0.42 X 10-* F hr sq ft per Btu, according to Fig. 9. The 


Oberfliichenkondensation des Wasserdampfes,” by W. 
Nusselt, Zeitschrift V.DJI., vol. 60, 1916, p. 573, formula [69c]. 
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total r is thus 1.4 X 107%, or r, is 30 per cent of r, and r; is 70 
per cent of r. 

At this point it will be remarked that the total resistivity r 
can be referred either to internal or external tube surface. Al- 
though the practice in the usage of the overall heat-transfer 
coefficient has been to refer it to the external surface, the author 
refers the overall r to the internal surface since it is predominantly 
influenced by r; rather than r,. Naturally, in the addition in- 
volving r,, which is referred to external surface, it must be 
referred to internal surface and in the process it is increased by 
approximately 10 per cent in the case of this tube size. 

The separate resistivities have been incorporated and plotted 
as a function of the Reynolds number in Fig. 10. It is evident 
that the effect of heat loading is assuming a secondary réle and 
that at any given Reynolds number the increase of resistivity of 
the cooling-water film with higher circulating-water temperature 
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Fic. 10 OveraLL THERMAL SurRFACE REsIstTivity FROM QUIESCENT 

Low-PRESSURE SATURATED STEAM TO WATER FLOWING THROUGH 

A SINGLE HorizontTAt Brass TuBE WITH AN OUTSIDE DIAMETER OF 1 
In. AND A WALL THICKNEsS OF 0.049 IN. 


(The resistivity is referred to internal surface. The two internal-heat load- 

ings indicated correspond approximately to the highest and lowest average 

heat loadings on the condenser tested, obtained at generator loads of 50,000 

and 20,000 kw. The resistivities are calculated | by the addition of the resis- 

tivity of Fig. 8 and that of Fig. 9, corrected to a basis of internal-heat load- 

ing, and by taking a thermal- conductivity value for brass of 63 Btu per ft 
r 


is virtually offset by the decrease in resistivity of the condensate 
film because of the higher wall temperature, giving a bundle of 
curves very close together. 

The importance of Fig. 10 is that it shows the lowest resistivity 
attainable as a limit for this condenser with l-in. tubes. It also 
suggests that the use of the Reynolds number is the logical 
procedure to adopt for comparing condenser test results at dif- 
ferent water-inlet temperatures. The substitution of the use 
of the Reynolds number for the water velocity has reduced to 
one criterion of similarity the effects of two independent variables, 
that is, the cooling-water velocity and temperature. 

Application to the Whole Condenser. The principal problem in 
the study of the resistivity r for the whole condenser is the selec- 
tion of the proper temperature ¢ to be used in the calculation of r. 
Many equations have been suggested for deriving the proper 
value of ¢ from condenser test results’ to be used in solving for 

1¢ “Some Factors in the Design of Surface Condensing Plant,’ by 


H. L. Guy and E. V. Winstanley, Proceedings of the Institution of 
Mechanical Engineers, vol. 126, 1934, pp. 232-241. 
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r from the equation r = t/H. Most authors use a logarithmic 
mean temperature difference between the steam and the cooling 
water as the most precise one; the simplest one is: 


lo 


t= 


where é = cooling water temperature leaving the condenser, 
cooling water temperature entering the condenser, and 
t, = steam temperature corresponding to the pressure at the 
condenser neck. 

In customary practice this formule takes for ¢, the steam- 
saturation temperature corresponding to the condenser-neck 
wall pressure and assumes that this temperature is representative 
for the steam in the whole condenser neck and tube bank. That 
this assumption is not true has already been stated in the dis- 
cussion of the steam flow entering the condenser (see Al), where 
it is mentioned that during run No. 65 a temperature variation 
of 4 F over the area of the condenser neck has been recorded. 

Actually, the steam temperature, as also stated previously 
under Al, increases at the outside of the tubes from the top to 
the bottom of the condenser. In the worst case, run No. 65, 
steam-temperature rise of 6.1 F is not considered if the pete 
calculating procedure is followed. The tubes at the hotwell are 
exposed to 24.1 F temperature difference instead of 18 F as at the 
condenser neck, an increase of 34 per cent in temperature dif- 
ference. The tubes at the hotwell will therefore transmit more 
heat, and assuming that one half of the tubes is exposed to this 
higher temperature difference, and assuming the same mean heat 
loading, it isseen that the resistivity should be 17 per cent higher. 

A further error of this assumption is that the temperature 
corresponding to the condenser-neck pressure is not representative 
of the steam along its path through the interior of the tube bundle, 
because a drop in pressure and consequently in temperature 
exists. Consider the tubes inside the condenser exposed to the 
pressures prevailing at the inlet of the air cooler. The average 
steam temperature there available is lower due to the pressure 
drop through the tube bundle; for example, for run No. 65 a 
temperature drop of 4 F is present, due to the pressure drop 
from the south wall of the condenser neck to the mean entrance 
of the air cooler. This difference of four degrees for half the ex- 
posed tubes would give 11 per cent difference in resistivity for 
run No. 65. 

Another error is that the surface of the air cooler is included in 
the total surface of the condenser when the resistivity is evaluated. 
In the air cooler occurs the lowest temperature rise of the cooling 
water together with the lowest temperature of the steam, since 
the air-cooler outlet pressure is always the lowest pressure in the 
condenser. In most cases these two conditions will have a tend- 
ency to offset each other as to their influence on the logarithmic 
mean temperature difference; but this effect will change with 
loading, circulating-water inlet temperature, and velocity, and 
will depend on the size of the air cooler. In this case, although 
the air cooler amounted to only 8.6 per cent of the total surface 
of the condenser, the steam-pressure drop through it ranged for 
all runs from 0.195 to 0.001 in. Hg. The pressure drop through 
the whole condenser ranged from 0.287 to 0.014 in. Hg. 

Some of these effects have been taken into consideration by 
different corrected formulas based on such items as counter 
flow, and cross flow,!° but to evaluate them all is virtually im- 
possible. The author has therefore given some curves showing 
graphically the influence of this temperature-drop assumption 
on the apparent resistivity to show the importance of some of 
these assumptions. This is done in Figs. 11, 12, and 13, in which 
the deviation of the points at any constant Reynolds number is 
apparent. 
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All the possibilities which may require a different temperature 
drop to be used for the resistivity calculation are not exhausted. 
It cannot be denied that the inlet temperature is representative 
of the cooling water entering the condenser. But what about the 
outlet temperature of the cooling water? In the test of this 
condenser, an average of 16 thermocouple readings obtained low 
down in the overflow, was taken as the overflow temperature. 

The temperature increase of the cooling water was smaller 
through the air cooler at the west side of the condenser than 
through the east side, and temperature differences from west to 
east of 2 F were observed. The results of these observations are 
shown in Fig. 14. One must not forget, however, that the 
temperature gradient directly at the exit of the tubes was greater 
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Fic. 11 THe OveraLL THERMAL SurRFACE RESISTIVITY FOR THE 
ENTIRE CONDENSER BASED ON THE STEAM TEMPERATURE AT THE 
CONDENSER NECK 
The straight lines connect four points obtained with different circulator 
speeds at constant cooling-water inlet temperatures, separate lines being 
drawn for one-pump and two- pomp operation. This resistivity is item 75 of 
Table 1, and is calculated by dividing a logarithmic mean temperature differ- 
ence by item 69; it is referred to internal surface. This logarithmic mean 
temperature difference is based on items 3 and 22, and on the average of 
items 27 and 28 of Table 1. The abscissas are listed in Table 1 as item 74 
and are calculated at the logarithmic mean temperature of the cooling water, 
item 73.) 


because the water was not yet mixed because of the weir." It 
may here be noted that the more nearly the temperature across 
the overflow is equalized, the better the performance of the con- 
denser, because all the surface in the condenser will be equally 
active, and this goes hand in hand with hardly any pressure drop 
from the condenser neck to the entrance of the air cooler. This 
is clearly shown in Fig. 14, in which it is seen that the summer 
runs have a uniform temperature over the full width of the over- 
flow, showing good steam penetration. 

To see the effect on the resistivity of the influence of tempera- 
ture gradient in the overflow water and to eliminate the air- 
cooler effect, the author has calculated the resistivity for the east 
half of the condenser with the mean steam temperature of the 
condenser neck and the hotwell, and has plotted the results in 
Fig. 15. This was possible because the vertical brace on the 
center line of the condenser in the overflow, which had noopenings, 
kept the east half of the water circuit separated from the west 


11 “Improved Condenser Design,” by C. L. Waddell. Power Plant 
Engineering, vol. 35, 1931, pp. 251-255. 
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Fig. 12) THe THERMAL SURFACE RESISTIVITY FOR THE 
ENTIRE CONDENSER BASED ON THE HOTWELL CONDENSATE TEM- 
PERATURE 


The straight lines connect four points obtained with different circulator 
speeds at constant cooling-water inlet temperatures, separate lines being 
drawn for one-pump and two-pump operation. The resistivity is referred 
to internal surface Calculations are similar to those mentioned under Fig. 
1, except that for calculating the logarithmic mean temperature difference, 
item 24 1s used instead of the average of items 27 and 28, r in this case being 
item 76 of Table 1. The abscissas are listed in Table 1 as item 74 asin Fig. 11.) 
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Fie. 13 THe OveraLt THERMAL SuRFACE RESISTIVITY r FOR THE 
ENTIRE CONDENSER BASED ON THE AVERAGE TEMPERATURE OF THE 
SreaM OuTSIDE THE TUBE 


(The straight lines connect four points obtained with different circulator 
speeds at constant cooling-water inlet temperatures, separate lines bei 
drawn for one-pump and two-pump operation. The resistivity is referr 
to internal surface. Calculations are similar to those mentioned in Fig. 11. 
Instead of using an average of items 27 and 28 as in Fig. 11, that average has 
been combined with item 24 to obtain a new average which is used here as the 
average temperature of the steam outside the tube bank. The abscissas 
are listed in Table 1 as item 74 as in Fig. 11.) 
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half. In comparing Figs. 13 and 15, it is seen that this has 
reduced the scattering of the resistivity considerably, and that, 
for run No. 65 at 50,000 kw, the resistivity for the east half is 
8 per cent less than that of the total condenser. 

It is because of all this uncertainty of which temperature to take 
that the author suggests a simpler way of evaluating the perform- 
ance of a condenser. The best condenser will have the least re- 
sistance to heat flow and the highest condensate temperature at 
given conditions of inlet temperature and circulator speed. In a 
modern type of condenser, where there is superheating rather 
than undercooling of the condensate, the temperature of the con- 
densate will be more representative of the total pressure in the con- 
denser than the pressure at the wall of the condenser neck. 
Furthermore, both the inlet-water temperature and the conden- 
sate temperature can be easily and accurately measured. The 
author has adopted as a basis for calculating the initial tem- 
perature difference, the condensate temperature and the inlet- 
water temperature. 
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Fic. 14 DiIstRIBUTION OF THE CIRCULATING-WATER TEMPERATURE 
Rise THROUGH THE CONDENSER WITH Two CIRCULATORS RUNNING 
AT EQUAL SPEEDS 


(Each point represents the average of a north and a south thermocouple lo- 
cated 15 in. apart and equally spaced about the east-west center line at the 
top of the 30 X 144-in. tail pipe connected to the bottom of the outlet 
water box of the condenser as shown in Fig. 2. The difference between 
any north and south thermocouple was always less than 0.2 F because of the 
thorough mixing by the weir of the water from any vertical row of tubes. 
The temperatures given are the inlet temperatures of the circulating water. 
Generator loads and circulator speeds are denominated for each group of 
curves. These curves are typical of all runs, and show the east-west distri- 
bution in the condenser of the heat transferred or amount of steam condensed 
if it is assumed that the variation of circulating water velocities between 
different vertical rows of tubes is small from east to west. Note that the 
west or air-cooler side progressively loses its proper share of the heat load 
at any speed of the circulators when the circulating-water temperature be- 
comes lower.) 


Since the temperature rise of the cooling water is low in a 
single-pass condenser, the mean heat loading of the whole 
condenser may be substituted for the heat loading at the cooling- 
water entrance in calculating the resistivity. 

Equation [lc] shows that the resistivity r is a certain tempera- 
ture difference divided by the heat loading. The fact that this 
temperature difference is nearly proportional to the heat loading 
for a constant inlet-water temperature and circulator speed can 
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be very conveniently utilized in checking test results. As an 
example, Fig. 16 shows this relation taken as a kind of initial 
temperature difference between the condensate and the inlet- 
water temperature. Naturally, other temperature differences 
than that given in this figure can be used; for instance, the steam 
temperature at the condenser neck minus the inlet or outlet 
temperature of the cooling water. 

The ratio of the initial temperature difference (based on the 
temperature of the condensate and the inlet water) to the internal- 
heat loading can be designated as the inlet resistivity. This 
has been plotted in Fig. 17 as a function of the Reynolds number 
of the cooling water in the condenser tubes taken at the inlet 
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Fig. 15 THe Overatt THERMAL SuRFACE RESISTIVITY r FOR THE 
East Har oF THE CONDENSER BASED ON THE AVERAGE TEMPERA- 
TURE OF THE STEAM OUTSIDE THE TUBE BANK 


(The straight lines connect four points obtained with different circulator 

speeds at constant cooling-water inlet temperature, separate lines being 

rawn for gaa and two-pump operation. The resistivity is referred to 

internal surface. he average steam temperature is that calculated for Fig 

13. The coating soe temperatures used in calculating the logarithmic 

mean temperature difference are, however, item 20 inamenal of item 22, and 
the average of items 18 and 19, which is item 3 of Table 1.) 


temperature. The dashed line of this figure gives a good, simple, 
and accurate comparison of the all-year performance. The main 
advantages of this curve are that it is based on measurements 
which are easily and accurately measured and which are not 
subject to fluctuations during the course of tests, and that it is 
directly and conveniently calculated without the use of loga- 
rithmic mean temperature differences. The simplicity of this 
calculation affords the same simplicity in calculations for pre- 
dicting condenser performance. 

To prove the accuracy of predictions made from the dashed 
curve of Fig. 17, calculations have been made for those runs which 
deviate most from this curve, using the same conditions of 
inlet temperature and velocity of the circulating water and 
heat loading. Table 2 shows that the worst deviation for the 
temperature of the hotwell condensate is 1.13 F; and for the hot- 
well steam pressure, the worst deviation is 0.056 in Hg. 


CONCLUSION 


Results are given of condenser tests with widely varying con- 
ditions of internal-heat loading of 3000 to 8000 Btu per hr 
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TABLE 2 COMPARISON OF CALCULATED AND MEASURED HOTWELL PRESSURE 


Assumed conditions: 
Inlet-water temperature (3), F......... 
Water velocity through tubes (72), ft per sec..... 
Internal-heat loading (69), Btu per hr and sq ft 
Calculations from dash-line of Fig. 17: 


Reynolds number for inlet water.............. 


r at inlet from dash-line, Fig. 17........ eons ae 
Temperature difference, condensate minus inlet water, calculated, F 
Condensate temperature, calculated, F....... 
Hotwell pressure, calculated, in. Hg.... 


Comparison: 
Measured condensate temperature (24), F........... 
Measured hotwell pressure (13), in. Hg...... ; 
Difference, calculated minus measured condensate temperature, F.. 
Difference, calculated minus measured hotwell pressure, in. Hg. . 


4 Saturated-steam pressure corresponding to item (23) of Table 1. 
Notre: Numbers in parentheses refer to items in Table 1. 
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16 Tue Srraicut-Ling ProportTIONALITY BETWEEN INITIAL 
TEMPERATURE DIFFERENCE AND HEAT LOADING 


(The relation holds for constant conditions of circulating-water inlet tem- 
perature and water velocity through the condenser tubes. Instead of con- 
stant water velocity, constant nominal conditions of circulator operation 
have been plotted as designated by the key in the figure. For two-pump 
operation, the circulator speed of 240 rpm corresponded approximately to a 
circulating-water velocity of 7 fps in the condenser tubes, while 180 rpm 
corresponded to 5 fps; and for one-pump operation, 240 rpm corresponded to 
4.2 fps, and 180 rpm to 3 fps. The initial temperature difference repre- 
sented by each ordinate is item 24 minus item 3 of Table 1. The internal- 
heat loading represented by each abscissa is item 69.) 


sq ft, of circulating-water inlet temperature of 32 to 75 F, and 
of water velocity of 3 to 7 fps. An analysis has clarified two 
points: (1) The misunderstanding in the superheating of the 
condensate, and (2) the question of which temperature difference 
to use in the calculation of the heat-transfer coefficient or resis- 
tivity. 


pleas eee 48 49 61 65 81 88 
61.30 75.99 76.07 32.97 32.75 33.48 
5.04 6.97 4.07 6.91 6.76 2.86 


3,523 8,165 3,795 7,756 3,411 3,409 


31,700 53,510 31,240 27,440 26,700 11,440 
.00340 0.00345 0.00459 
11.06 17.63 12.03 26.36 11.77 15.65 


= 
= 


72.36 93.62 88.10 59.33 44.52 49.13 
0.800 1.590 1.340 0.509 0.295 0.351 


re 71.83 94.65 87.00 60.44 45.46 50.26 
0.783 1.643° 1.284 0.548 0.312 0.371 
+0.53 —1.03 +1.10 —0.94 

+0.017 —0.053 +0.056 —0.039 —0.017 —0.020 


1 The superheating of the condensate is due to the partial 
recovery as pressure of the velocity energy of the steam at the 
exit of the last wheel of the turbine. It is shown that the con- 
denser-neck wall pressure, on which this superheating of the 
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10,000 20,000 40,000 60,000 
REYNOLDS NUMBER OF COOLING WATER AT INLET 


CIRC. WATER INLET TEMP: O33F, @42F, O48F, x 
GENERATOR LOAD OR APPROX. INTERNAL HEAT LOADING: 
SomWw 8000 BTU/HR 
20Mw (= 3500 BTU/HR FT?) 


Fic. 17 CorrELATION OF THE Ratio oF INITIAL TEMPERATURE 
DIFFERENCE TO INTERNAL-HEAaT LOADING WITH THE REYNOLDS 
NUMBER OF THE COOLING WATER AT INLET CONDITIONS 


(The heavy broken line indicates the average of all points which can be used 

for predictions of performance. The straight lines connect four points ob- 

tained with different circulator speeds at constant cooling-water tempera- 

ture, separate lines being drawn for one-pump and two-pump operation. 

The ordinate is the ratio of the difference between item 24 and item 3 of Table 

1 to item 69, and is referred to internal surface. Each abscissa is a Reynolds 
number based upon item 3 of Table 1.) 


condensate is based, is not the correct one to use. Instead, 
the static plus velocity pressure at the condenser neck, or any 
other chosen point, should be used. 

2 The confusion regarding the heat-transfer coefficient}? 
is explained by the fact that the logarithmic mean tem- 
perature difference, as generally adopted, is true only for a 
single spot in the condenser, and is not applicable for the 
overall heat transfer. This is due to the wide variation of 
temperature throughout the condenser for the steam as well as 
for the cooling water. 

The heat-transfer coefficient can be replaced by a so-called 
inlet resistivity which is simpler to calculate and more accurately 
measured. This inlet resistivity is the ratio of the temperature 


12 ‘*The Surface Condenser,” by B. W. Pendred, Isaac Pitman & 
Sons, London, 1935, pp. 130-136. 
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difference of the condensate and the inlet water to the internal 
heat loading (which is defined as the heat transferred at the inside 
surface of the tubes per unit area and time). This inlet resistivity 
plotted as a function of the Reynolds number based on the water- 
inlet temperature gives a good curve to establish the all-year- 
around performance of a condenser. 

All statements are substantiated by test figures. 
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Fie. 18 TyprcaL EXAMPLE OF THE SYSTEMATIC BEHAVIOR OF THE 
ABSOLUTE-PRESSURE O1L-GAGE INDICATIONS 


(The different points at which pressure measurements were made are, read- 
ing from left to right on the abscissa, the corrected total pressure at the 
Prandtl tube, item 53; the corrected static pressure at the Prandtl tube, item 
54; the pressure at the south wali of the condenser neck, item 12; the pres- 
sure at the west wall of the hotwell, item 13; and so onin succession, items 14 
to 17 of Table 1, the condenser end of the dry-vacuum-pump suction line being 
the same as the south end of the air-cooler outlet, that is, ACO, S. It 
should be noted that the magnitude of the differences between each of these 
curves is only a few thousandths of an inch of mercury.) 
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Appendix 
Deraits or PrRincipAL MEASUREMENTS 


Exhaust-steam pressures were measured at eight points, as 
indicated in Table 1 and Fig. 2, by absolute-pressure oil gages, 
which were filled with di-n-butyl phthalate. These gages are 
sensitive and accurate to 0.003 inch Hg. In Fig. 18, which shows 
a typical example of the systematic behavior of the gages, it 
should be noted that the magnitude of the differences between 
each of the curves is only a few thousandths of an inch of mercury. 
The oil gages have been described in another article.'’ Fig. 2 
of that article is an illustration of the arrangement for this con- 
denser test. 

The leakage of the gage lines and connections was negligible; 
for example, the hotwell-gage line, which had a volume of 69 cu 
in., showed pressure-rise rates of the order of 0.01 in. Hg per hr 
in a leakage test with an absolute pressure of 0.08 in. Hg in the 
line. 

To measure the exit-steam velocity of the turbine, a Prandtl- 
type pitot tube! was used. The nose of this Prandtl tube was 
only 6 in. downstream from the exit face of the lower part of 
the twenty-first wheel of the turbine. The axis of the tube was 
parallel to the axis of the turbine and it was located in the 
south half of the turbine exhaust hood in a plane through the 
turbine axis making an angle of about 33 deg with the vertical, 
and at a radius of 70 in. from the turbine axis. 

Thirty-two copper-constantan thermocouples, accurate within 
0.1 F, were directly exposed to measure various temperatures 
Their cold junctions were kept in an ice bath, and they were 
used with a Leeds and Northrup type-A potentiometer, with 
which changes of 0.05 F ean be estimated from graduations 
equivalent to 0.25 F. Before the condenser tests, the thermo- 
couples were calibrated in a stirred-water bath at seven or 
thirteen points between 39 and 100 F; and after the condenser 
tests, or one year later, they were calibrated at four points 
between 40 and 80 F and showed no change. Parabolic calibra- 
tion curves evaluated by the method of least squares fitted the 
calibration data very accurately throughout this range. 

The accuracy of the thermocouple setup was kept within 0.1 F 
through attention to sources of error such as effects of nonhomo- 
geneity of the thermocouple lead wires, zero shift of the galvan- 
ometer, and thermal electromotive forces of the selector switch 
A check on the accuracy of the thermocouple setup in the power 
plant was possible by a comparison of the circulating-water inlet 
temperature as measured by one of the thermocouples in th 
west circulator discharge line and a calibrated mercury ther- 
mometer in a well in this line. Results of some typical] runs are 
given in Table 3. 

TABLE 3 COMPARISON OF A MERCURY THERMOMETER IN 
WELL AND AN EXPOSED COPPER-CONSTANTAN 
PHERMOCOU PLE 


Circulating-water-inlet 
temperature, F — 
Thermocouple Mercury 
No. 160 thermometer 


F 32.9 


Run No. 


Six of the thermocouples were put in the condenser neck, spaced 
at the center of the areas between the braces, and one was 
mounted at the Prandtl tube. As originally installed, these were 


13‘*An Oil Manometer,”’ by G. H. Van Hengel and J. D. Stark- 
weather, Mechanical Engineering, vol. 57, October, 1935, pp. 633-635. 

14 “*Messung StrOmender Luft mittels Staugeriiten,”” by H. Kum- 
bruch, Forschungsarbeiten auf dem Gebiete des Ingenieurwesens, no 
240, 1921, Figs. 18 and 19, p. 10. 
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FUELS AND STEAM POWER 


TABLE 4 COMPARISON OF STEAM TEMPERATURES AT CON- 
DENSER NECK WITH 33 F INLET WATER 


Generator load, kw.............. 49,680 50,030 20,540 20,640 
South wall: 
By oil gage, F 84.3 65.4 43.7 49.0 
By thermometer, F..... : 54.5 65.6 44.1 49.7 
South thermometers 9 in. in: 
At center line, F.. . 83.2 64.4 43.0 48.7 
19 inches East of center line, F... 53.2 64.6 43.2 48.6 
Shielded thermocouples: 
East half: 
South section, F.... 64.8 43.2 48.5 
Middle section, F. Se 65.5 43.5 49.1 
North section, F... ree 63.5 43.2 47.8 
West half: 
South section, F....... ire 51.9 63.7 42.1 47.7 
Middle section, F. . 63.8 42.5 47.7 
North section, F... . 61.9 63.4 42.1 47.6 
North thermometer 9 in. in, F.......... 51.3 63.9 42.5 48.3 
North wall by thermometer, F . 54.6 65.8 44.1 49.4 


TABLE 5 COMPARISON OF EXHAUST-STEAM TEMPERATURES 
AT PRANDTL TUBE BEHIND LAST WHEEL OF TURBINE 


From corrected static pressure of Prandtl | tube, F. 44.3 44.8 45.9 48.9 
Shielded thermocouple, 42.8 46:6 
Grounded thermocouple, F................... 46.1 46.4 46.9 49.7 


directly exposed. Erratic readings resulted because of consider- 
able charges of static electricity deposited on the junctions of 
these thermocouples, probably by the moisture in the steam. 
Sufficient current flowed through their lead wires to cause errors 
in the readings of as much as 4 F. Subsequent grounding of the 
thermocouple junctions failed to give correct readings and 
finally for the last series of tests, at inlet-water temperature of 33 F, 
they were covered with grounded shields with the exception of 
the thermocouple at the Prandtl tube. An additional shielded 
thermocouple was installed at this point to compare it with the 
grounded arrangement. ‘Tables 4 and 5 illustrate the results 
obtained in various runs of the last series. 

The comparison of the hotwell steam pressure and temperature 
measurements furnish a good example of a check which greatly 
strengthens the data obtained by the oil-gage and thermocouple 
setups. Table 6, which contains data from a few runs, is typical 
of the results obtained. 
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TABLE 6 COMPARISON OF HOTWELL STEAM OIL-GAGE, |! 


AND 
THERMOCOUPLE READINGS 
Run No. 81 88 6 26 40 52 
Oil gage no. 3. (¢hotwell 
steam): 
Readings, cm CysH2Ou?.. 10.34 19.85 24.34 29.28 43.16 58.32 
Room temperature, F.... 79.5 82.2 91.8 81.7 89.5 92.3 
Thermocouple no. T7165 
(hotwell steam): 
‘“Normal”’ readings, mv... 0.2985 0.684 0.813 0.941 1.2 1.430 
“Reverse”’ readings, mv.. 0.3015 0.689 0.817 0.947 1.212 1.433 
Average, mv a .. 0.300 0.687 0.815 0.944 1.209 1.432 
Hotwell steam pressure: 
By oil gage no. 3, in Hg at 
a 0.312 0.598 0.730 0.882 1.295 1.748 
By thermocouple no. 
T165, in. Hg at 32 F... 0.312 0.595 0.728 0.885 1.298 1.756 
Hotwell steam temperature: 
By oil gage no. 3, F..... 46.0 63.9 69.6 75.2 87.0 96.7 
By thermocouple no. 
T7165, F. 46.0 63.8 69.6 75.3 87.1 96.9 


a Di-n-buty! phthalate. 


TABLE 7 VACUUM Ce FOR EXPOSED MERCURY 


HERMOMETERS 
Absolute pressure, in. Hg............ 0.2 0.5 0.9 5.1 
Vacuum corrections, F: 
Thermometer no. 42779....... +0.33 +0.28 +0.27 +0.18 
Thermometer no. 40347.......... +0.18 +0.13 +0.12 +0.08 


Steam temperatures at five locations in the condenser neck 
were measured with directly exposed mercury-in-glass ther- 
mometers. The results of these measurements are given in Table 
4. (See Fig. 2.) Direct exposure was accomplished by inserting 
the thermometers through rubber stoppers, all joints being sealed 
by the liberal application of jellied castor oil. 

In addition to the conventional calibration in a stirred-water 
bath, a special calibration was made on the thermometer bulbs 
for the effect of vacuum. In the latter calibration, the ther- 
mometers and a calibrated copper-constantan thermocouple were 
installed to full immersion with direct exposure in a vacuum- 
tight and thermally insulated container, which had been filled 
with transformer oil at about 75 F. The corrections due to 
vacuum only are given in Table 7 for the extreme cases of fifteen 
thermometers; 
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Physical-Property Uniformity in Valve-Body 
Steel Castings 


This paper describes an extensive investigation of the 
physical properties of specimens cut from various sections 
of large welding-end valve bodies made of carbon-molyb- 
denum cast steel. Macrosections, impact values, and 
density determinations are presented in addition to the 
usual tensile properties. 

The results indicate that the welding ends are the sound- 
est part of the valve body and that sections cut from the 
valve body as close as possible to the welding ends have 
physical properties commensurate with those obtained 
from conventional separately and integrally cast test bars. 

Evidence of rather general porosity was disclosed by the 
macrosections from the thicker-walled portions of the 
bodies and in the bonnet flange, with consequent low duc- 
tility values for scme of the tensile specimens from these 
locations. While this condition was considered fairly ac- 
ceptable when allowance was made for the greater metal 
thickness in these sections, the investigation showed these 
to be the regions where improvements could be effected 
through further development of casting procedure. 


IGH-GRADE steel castings for valve bodies are purchased 
customarily on the basis of specifications, in which are in- 
cluded requirements for chemical composition and for ten- 

sion, bend, and hydrostatic tests. Sometimes impact and X-ray 

tests are required, and in exceptional cases, metallographic 
standards are incorporated. Tensile specimens to check conform- 
ance with specified values usually are machined from lugs cast 
attached to the valve bodies when of sufficient size, otherwise 
from separately cast test bars. In only a few cases, so far as the 
authors know, does a specification call for tension-test specimens 
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from the body of a casting. One of these is in a specification 
written by a bureau of the U. S. Navy Department where a 
large number of castings of a similar type were purchased at 
one time. In such instances the destruction of a casting for test 
purposes is entirely feasible, although ordinarily the cost would 
be excessive. In any event such destructive testing can only 
serve to supplement information obtained from conventional 
test bars representing each casting. 

It has been assumed that values obtained from tension tests 
made on specimens cut from separately or integrally cast lugs 
are reasonably representative of the properties which would be 
found in the bodies of the castings themselves. This assumption, 
of course, presupposes that due allowance is made for the in- 
fluence of mass effect and design. While little information has 
been published on the relation of tensile-test results obtained 
from test bars as distinguished from the casting proper, reference 
is made to three recent surveys which touch on this subject.**:* 

With such a background The Detroit Edison Company felt it 
desirable, in rebuilding its Conners Creek power plant for higher 
pressures and temperatures, to obtain assurance that the sound- 
ness of welding-end valve bodies was such that they could be used 
safely in the superheated-steam and boiler-feed piping. The major 
change in the design of the valve bodies from that previously used 
is the elimination of the end flanges and the use of welding ends 
in which the wall thickness approaches that of the adjoining pipe. 
The extent to which foundry technique had successfully followed 
this change in design by providing adequate and properly placed 
gates and risers, therefore, called for a comprehensive examination 
of actual valve-body castings. 

Accordingly the threefold purpose of this investigation, which 
was made under the sponsorship of The Detroit Edison Co. and 
with the assistance and cooperation of a number of valve- 
manufacturing concerns, was to learn through sectioning full- 
sized valve bodies: (1) Whether sound cast material could be 
expected in welding ends with their reduced metal sections; (2) 
the extent to which the physical properties obtained on sections 
cut from the body, as close as possible to these ends, would differ 
from results obtained on lugs either separately or integrally 
east; and (3) the uniformity of the physical properties through- 
out an entire valve body. 


DiscussION OF RESULTS 


While the results showed a considerable variation, they were 
most encouraging and gratifying, especially with respect to those 
sections on which it is believed emphasis should be placed. 

The macrographs showed that the welding ends of all of the 
castings appeared to be sound. However, the physical tests 
disclosed certain differences. One of the castings met the re- 


‘Specifications for Chrome-Tungsten Steel Castings,” by B. B. 
Westcott, V. T. Malcolm, and H. Henderson, Refiner and National 
Gasoline Manufacturer, vol. 12, July, 1933, p. 281. 

5 **Cast Metals Handbook,” American Foundrymen’s Association, 
222 West Adams Street, Chicago, IIl., 1935 edition, p. 333. 

‘Symposium on Steel Castings, Proceedings of the American 
Society for Testing Materials, vol. 32, 1932, part 2, technical papers, 
p. 43. Particular attention is called to ‘‘Purchase Requirements for 
Steel Castings With Notes on Physical Properties in Cast Bars and 
in Commercial Castings,” by R. A. Bull, p. 77. 
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TABLE 1 CHEMICAL COMPOSITION OF FOUR C-Mo 
CASTINGS 


Chemical composition, per cent ——-——--———~ 

Si 8 P Mo 
0.41 
0.57 
0.47 
0.48 


Casting 
A 0.5 
B 0.2 
0 
D 0 


Mn 
0.75 
0.89 
0.83 
0.73 


0.011 
0.035 
0.022 
0.020 


0.020 
0.022 
0.033 
0.0380 


Norte: Specified chemical requirements 
0.70-1.00, Si = 0.30-0.50 S = 
0.60. 


are C = 0.20-0.35, Mn = 
0.05 max, P = 0.05 max, and Mo = 0.40 


quirements for soundness perfectly, two others were passable 
and it is believed that with changes in gates and risers the fourth 
could be made to be satisfactory. In view of these findings, 
therefore, there is no question but that sound cast material can 
be obtained in the welding ends of valve-body castings. 

The physical tests showed that it is possible to get nearly as 
acceptable properties in the welding-end sections as it is from 
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TABLE 2 DENSITY TESTS ON SPECIMENS FROM THREE 


C-Mo CASTINGS 
Designation Description 


Casting A Casting B Casting C 


822 
827 
818 
816 

22 
828 
816 


Separately cast 
Integrally cast 
Bonnet flange, cope 
Bonnet flange, drag 
Welding end, cope 
Welding end, drag 
Shell, cope 

Shell, drag 


sections taken from separately or integrally cast bars. This 
statement is borne out by the results obtained from three of the 
castings, one of which was most satisfactory and two others 
passably so. These results were most reassuring not only in that 
the welding ends of all of the bodies examined were found to be 
the soundest part of the castings, but also in demonstrating that 
the same physical properties might reasonably be expected from 


TABLE 3) TENSILE PROPERTIES OF SPECIMENS FROM FOUR C-Mo CASTINGS 


Specimen designation Description Property 


-——Casting A-— 
Spec. 1 Spec. 2 


—Casting B—~ 


-—Casting C— 
Spec. 1 Spec. 2 


-—-Casting D 
Spec. 1 Spec. 2 


Spec. 1 Spec. 2 


Separately cast coupon tests 


CM-S Separately cast 


Average of tests from separately cast coupons 


CM-I Integrally cast 


Average of tests from integrally cast coupons 


88900 
61200 
23.6 


82950 80875 


52500 


79000 
51750 


32. 


57300 


85850 
58500 
2) 


83600 


Welding-end section tests 


Long., cope, welding-end 
C4-L Long., drag, welding-end 


Average of tests from welding-end 


R of A 


80600 78650 81000 
48900 
20.7 
34.1 
83000 
52500 


21.8 


75300 77500 


75000 
47750 
20.5 


45.0 


Shell-section tests 


Long., cope, shell 
2 in. 


Long., drag, shell 


Average of tests from shell 


2 in. 


77300 
50100 
23.0 
36.3 
78600 
50240 
20.0 
26.8 


70600 80000 


49500 


45200 
14.5 
21.6 


Bonnet-section tests 


C1-T Tang., cope, bonnet 


2 in. 


C2-T Tang., drag, bonnet 


C1-R Radial, cope, bonnet 
C2-R Radial, drag, bonnet 


Average of tests from bonnet 


Average for entire set of values 


pers 


81900 80000 
51300 
18.5 
26.8 
77260 
48300 
20.0 
49.4 
77500 
49600 


Nore: Specified minimum values for separately or integrally cast coupon specimens are: Tensile strength = 70,000 lb per sq in., yield point = 
in., elongation in 2 in. = 20 per cent, and reduction of area = 35 per cent. 


Abbreviations: Tang. = tangential; long. = longitudinal; spec. = specimen; TS = tensile strength, Ib per sqin.; YP = yield point, lb per sq in.; 


Elin 2in. = elongation in 2 in., per cent; an 


R of A = reduction of area, per cent. 


7.86 7.80 7 
0 I 7.86 7.81 7 
3 Gg 8 C1 7.86 7.80 7 
5 C2 7.86 7.81 7 
6 C3-L 7.33 
~ C4-L 7.85 7.80 7 
C5-L 7.86 7.80 7 
C6-L 7.87 7.81 7 
57300 2 | 47500 55650 
in 2 in, 27.5 22.0 27.5 25.0 
of A 51.9 51.4 42.5 62.7 60.0 48.9 44.0 
Ss 82100 85925 79938 71725 
P 57700 52125 51575 
Lin 2 in, 27.5 22.8 31.7 26.3 
; 2 of A 51.9 47.0 61.4 46.5 
Integrally cast coupon tests 
YP 58800 53300 47450 
El in 2 in. 28.0 27.5 27.5 
R of A 53.3 48.3 51.9 48.9 
TS 82200 84725 71900 
El in 2 in. 28.0 27.0 27.5 
2 R of A 53.3 50.1 ee 48.9 
YP 47450 48700 58000 44700 
inane El in 2 in. 24.0 22.0 26.0 16.3 
Fp R of A 43.4 22.2 45.5 27.9 
TS 81150 78000 70150 
See YP 50350 59500 45550 
El in 2 in, 24.0 22.5 23.0 24.5 15.8 
bien R of A 47.5 50.6 39.4 45.5 33.5 33.1 23.6 
TS 79400 80338 76450 70725 
Mee YP 53950 49800 53488 45125 
El in 2 in. 22.4 16.1 
40.6 33.6 25.8 
47350 45400 42750 47500 
= 22.5 22.6 23.5 26.5 19.0 
R of A 27.8 36.6 37.3 43.4 
E] in 2 in. 20.5 13.3 
R of A 35.0 20.0 ard 
TS 77888 74275 77438 
YP 49185 45213 48500 
El in 21.5 18.5 22.8 
ERS R of A 31.5 28.9 35.3 ae 
TS 78200 77950 83800 
YP 52000 51000 51750 
Elin 16.0 21.0 16.0 
R of A 20.6 29.2 26.8 
TS 80800 78700 84700 
YP 55900 51400 53200 
El in 2 in. 28.0 29.0 25.7 
R of A 49.2 38.8 44.9 
TS 84800 77850 84150 
YP 52300 50750 51500 
: athe E] in 2 in. 19.0 15.5 16.3 12.0 18.5 21.0 ie 
R of A 23.7 24.4 24.8 17.0 30.9 25.4 
as TS 80800 78650 82200 81400 76750 81250 ee . 
YP 56900 50850 47900 48200 48500 50500 
El in 2 in. 25.0 28.0 19.0 21.0 24.5 30.5 
R of A 38.8 43.4 30.0 18.4 35.4 50.0 
TS 79719 82906 78673 
YP 52638 51340 49613 
El in 2 in. 22.7 18.7 23.6 
R of A 33.5 27.5 39.0 
TS 79511 81150 78121 71360 
Erg YP 52763 50898 50744 48170 
gt ype El in 2 in. 23.4 20.5 24.4 22.4 
Sl R of A 37.7 34.7 40.0 38.7 


bars. 


The results were sufficiently encouraging to lead to the further 


conclusion that where reasonable physical requirements are 
specified, test sections from any portion of this type of casting can 
be secured which will comply with 
the minimum requirements. In 
order to meet these requirements, 
it might in some cases be neces- 
sary for the steel-casting com- 
panies to experiment for the pur- 
pose of obtaining the right loca- 
tion for gates and risers, the proper 
pouring and the 
most effective heat-treatment pro- 
cedure. In comparing results, due 
consideration must be given to the 
necessity for a heat-treatment pro- 
cedure which will place the speci- 
mens from sections of unequal 
thickness in as nearly the same 
structural condition as possible. 


temperature, 


Test Data AND THEIR ANALYSIS 


In carrying out the investiga- 
tion, a number of valve companies 
provided four carbon-molybdenum 
cast-steel valve bodies and test 
lugs to go with them from which 
the coupons for tensile,impact, and 
density tests were secured, as well 
as the sections for macrographic 
examination. Care was taken to 
secure similarly located sections 
from each of the castings. These 
castings were made for 8-in. and 
10-in. valves of the 900-lb stand- 
ard and weighed 800 to 1200 Ib 
each. About half of the tension 
and impact tests were made by the 
valve companies. The remainder 
of the tension and impact tests, 
the density tests and the macro- 
graphs included in this paper were 
made at the University of Michi- 
gan. 


The 
chemical composition of these car- 
bon-molybdenum castings, as de- 


Chemical Composition. 


termined by the various companies 


Fig. 1 
WELDING END AND SHELL OF 
THE Cope SIDE OF A CASTING 


furnishing the castings, is given in 
Table 1. It shows all of the east- 
ings met the given requirements. 
Density Tests. Density tests were made on samples from sec- 
tions of three of the four castings. It was not expected that a 
great deal of difference would be found in the various density 
determinations, yet it appeared that such determinations would 
be an indication of the soundness of the metal. The test fails 
in this purpose because small sections must be used for measure- 
ment. These small test coupons seldom contain the blowholes, 
shrink cavities, or sand spots present elsewhere in the casting. . 
The test is interesting, however, in that it shows casting A is 
Somewhat more dense than the other two castings from which 
density tests were made. This checks with the findings of the 
tensile and impact tests. 
The data setting forth these findings are given in Table 2. 
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sections cut near the welding ends as from conventional test 
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Fic. 2. Macrosection From THE Drag Sipe oF BONNET FLANGE 


Tensile Tests. The results of the tensile tests are given in 
Table 3. These tests are relatively complete for three of the 
castings, but only a few tests were made on the fourth. 

It is not easy to evaluate these results properly, because many of 
the test specimens were taken from sections wherein varying de- 
grees of soundness, with resultant changes in physical properties, 
are to be expected unless foundry technique is relatively perfect. 

On the basis of general averages, three of the four castings 
met the given tensile requirements. The fourth would have met 
them by a slight modification of the heat-treatment. It is not 
always safe, however, to base the acceptability of a casting on 
general averages for with but one serious flaw or one unduly low 
physical property, the casting would be considered unfit for the 
purpose for which it was intended. 

Most physical tests made to determine the acceptability of 
castings are taken from coupons cut either from separately cast 
or integrally cast bars. There is no reason why any casting should 
be accepted, where reasonable specifications are used, if test 
specimens taken from conventional bars do not meet the require- 
ments. In this case the results of tensile tests on conventional 
bars from all the castings were essentially as specified. 

In view of the fact that the valve bodies were designed with 
welding ends where the metal thickness of the casting was reduced 
to approximately that of the pipe to which these ends were to be 
welded, it was highly important that the material should meet 
fully the physical requirements given in the specifications. The 
tests showed casting A did, castings B and C virtually did, but 
such was not the case for casting D. Casting D had too low an 
elongation and reduction of area, showing that the casting was 
insufficiently sound in this section. 
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The shell-section tests showed castings A, B, and C to be quite 
satisfactory generally, particularly when account is taken of 
metal thickness. No tests were made on shell-sections from cast- 
ing D. Casting A was only slightly low in yield point and 
reduction of area. Casting B was lower than need be in elonga- 
tion and reduction of area and slightly low in yield point. Casting 
C, which was tested only on the cope side, was slightly low in 
yield point and, in one of the tests, in elongation and reduction 
of area. What would have been the result if tests had been made 
on the drag side of this casting must be left to speculation. 


Fic. MacrosecTion From THE DraG SIDE OF SHELL 


The tests on the bonnet-flange sections showed a fairly ac- 
ceptable condition for the three castings examined, namely, 
castings A, B, and C. While the ductility was not all that it 
might have been in the cope side of both the tangential and radial 
sections, this is not cause for undue alarm. Beyond question, 
low ductility properties have existed in these sections since cast- 
ings of this type have been made. It is believed, however, that 
with further effort, the ductility values could be raised to meet 
the minimum values called for in the specifications from integrally 
or separately cast test bars. 

The yield point also was slightly low in certain of the sections 
from castings B and C, but not sufficiently so to warrant adverse 
comment. From the tests on these sections casting C appears 
slightly superior to casting A, and casting A appears slightly 
superior to casting B. 

Impact Tests. Table 4 gives the results of the Charpy impact 
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test using the type of V-notch specimen described in A.S.T.M. 
Proceedings, Vol. 34, 1934, Part I, p. 1204, Fig. 1(a). On the 
basis of averages, all of the castings met the given requirements 
on the sections taken from separately or integrally cast bars. 
The tests on the welding-end sections showed the metal in casting 
A to be satisfactory, that in castings C and D the metal was prac- 
tically satisfactory, and that in casting B the metal evidenced 
need for improvement. 

The shell-section impact tests show a generally satisfactory 
condition. It is interesting to note that whereas castings A 
and B get their best values from the drag side, casting C gets its 
best values from the cope side. The tests from the bonnet sec- 
tion show casting A uniformly acceptable, casting B passably so, 
and casting C in need of improvement. 

Attention is called to the fact that all of the impact values 
from casting A, except those from the shell sections, were markedly 
superior to those from the other castings. Also, the average of 
the impact values of casting A was well above the minimum 
called for in the specifications from coupons when taken from 
separately cast or integrally cast lugs. 

Macro Examination. As a 
means of examining the vari- 
ous sections for soundness, 
numerous macro eXamina- 
tions were made on deep- 
etched specimens cut from 
the various valve bodies. 
Since the acid etch accentu- 
ates segregations and physi- 
cal discontinuities, it reveals 
defects not evident in cut or 
fractured sections. The four 
macrosections shown in Figs. 
1 to 4, inclusive, are represen- 
tative of the various types of 
cast structure found in the 
valve bodies. 

Fig. 1 shows a macrosection 
taken from the welding end 
and shell of one of the cast- 
ings examined. Because of 
its small cross-sectional area 
when compared with that of 
the section taken from the 
drag side of the bonnet, it 
shows a relative absence of 
dendritic structure. The 
blowholes are also less pro- 
nounced. The section, how- 
ever, shows a crack at rather 
a critical part of the casting 
and, therefore, a casting with 
such a crack in such a loca- 
tion is not acceptable. 

Fig. 2 shows a typical ma- 
crosection of one of the cast- 
ings taken from the drag side 
of the bonnet flange. Den- 
drites are present, although 
not markedly so. Porosity 
due to shrinkage is also pres- 
ent. The section is free from cracks. This metal structure 
may be viewed as more or less typical of that usually found in 
such sections. It is not an ideal condition; the metal is too porous 
and many of the blowholes are too large. 

Fig. 3 shows a typical structure of one of the castings taken 


Fig. 4 Macrosection From THE 
Corr SIDE OF WELDING END 
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TABLE 4 CHARPY IMPACT PROPERTIES OF SPECIMENS 


FROM FOUR C-Mo CASTINGS, FT-LB 
Casting Casting Casting Casting 
A B c D 


Specimen 
designation Description 
Separately cast coupon tests 


CM-S Separately cast 41.0 


Average 


Integrally cast coupon tests 
Integrally cast 59.0 
63.0 43. 
42. 
61.0 40. 
Welding-end section tests 
Long., cope 


Average 


Long., drag 


Tang., cope 
Tang., drag 


Average 


Long., cope 
Long., drag 


Average 


Bonnet-section tests 
Radial, cope 28.0 


Radial, drag 


Average 
Average for entire set 23.1 25.7 
Nore: Specified from separately or integrally cast sections = 25 ft-lb 
minimum. Tests made on A.S.T.M. V-notch specimen. 


FSP-58-11 647 
from the shell on the drag side. It shows evidence of a dendritic 
structure, although it is not marked. Blowholes also are present. 
Likewise, it discloses a considerable degree of porosity. There are 
no cracks, however, and in general the structure disclosed is 
acceptable. 

Fig. 4 shows a macrosection of a casting taken at the welding 
end of the cope side. It represents excellent structure. There are 
few, if any, dendrites and the metal is quite sound and free from 
cracks. The apparent line at the top of the section is not a crack, 
but is the result of small blowholes or metallic inclusions. The 
general structure represents an ideal. It has been possible to 
obtain it because of good casting practice and also because of the 
nature, shape, and cross-sectional area of the part in question. 
In other locations, or with metal of greater wall thickness, it 
might prove to be more difficult to get a section as sound as the 
one shown in Fig. 4. 


SUMMARY 


This paper gives the results of tests made on carbon-molybdenum 
cast-steel valve bodies with welding ends to determine (1) if 
the material in the welding ends is sound; (2) if the properties in 
these welding ends differ from those in separately or integrally 
cast lugs; and (3) if the physical properties throughout the entire 
valve bodies are reasonably uniform. 

The results showed that for valve-body castings of the type 
examined it is possible to obtain: (1) Sound material in the weld- 
ing ends; (2) properties from welding ends commensurate with 
those from conventional bars; and (3) castings with reasonably 
uniform physical properties. These conclusions are stated with 
due recognition of the fact that the tensile and impact results 
were not in every case entirely acceptable. However, the results 
were of such a nature as to lead to the conclusion that after 
further study with respect to the proper location and size of gates 
and risers, proper pouring temperature, and determination of the 
most suitable heat-treatment, sections could be secured from any 
location which would uniformly meet the given tensile and im- 
pact requirements set forth in this paper. In making this state- 
ment it is recognized that the goal proposed is not necessarily 
one which can be attained at once, since a considerable amount 
of experimentation in foundry practice might be required. 


30.5 18.0 32.0 te 
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Experimental Determinations of the Flow 
Characteristics in the Volutes of 


Centrifugal Pumps 


This paper is a discussion of an exhaustive study which 
was made to determine internal-flow characteristics of 
two high-efficiency, high-head centrifugal pumps of com- 
mercial design. Special equipment was constructed to 
measure instantaneous values of pressures and velocities 
at various stations in the volutes. The authors discuss 
previous work of a nature similar to their study. They 
describe briefly the apparatus used in their tests, the ar- 
rangement of the test equipment, and the accuracy of the 
equipment used to measure the instantaneous values of 
pressures and velocities in the volutes. The results of the 
tests are presented in graphical form. 


BACKGROUND AND OBJECTIVES 
r SHE DESIRE for a knowledge of actual flow conditions in 


the impellers and volutes of centrifugal pumps has long been 

present in the minds of those interested in the construction 
or operation of hydraulic machinery. This desire has grown more 
intense as efficiencies have been forced higher and higher, since 
each increase in efficiency has been more difficult to attain, and 
has demanded more precise information about the hydraulic 
behavior within the casing of the machine. Therefore, it is 
not surprising that many attacks have been made on this prob- 
lem, both from the theoretical and the experimental points of 
view. However, as yet neither method of approach has yielded 
entirely satisfactory results, so that additional attempts to supply 
this knowledge are still definitely needed. 
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Theoretical Treatments. Many of the theoretical studies have 
started with the assumptions of perfect fluids and potential flow. 
The works of Kucharski, (1)? von Busemann, (2) Schultz, (3) Sé- 
renson (4), and Uchimaru and Kito (5) are in this class. Kucharski 
treated mathematically the problem of an impeller with straight 
radial vanes. Spannhake (6) pointed out that fluid passages, 
formed by curved vanes of finite length and cut off by entrance 
and exit circles, as found in actual practice, present many diffi- 
culties to theoretical investigators. It is well known that the 
actual values of both the magnitude and direction of the absolute 
exit velocity do not agree with those calculated on the basis of 
potential flow. Pfleiderer (7) therefore calculated the theoretical 
head developed by a pump on the condition that the relative 
exit angle was less than the vane angle. Fischer and Thoma 
(8) concluded that: ‘Practically all flow conditions for an 
actual fluid are fundamentally different from those theoretically 
derived for an ideal frictionless fluid.” 

It should be noted that the treatments just mentioned refer 
almost entirely to the flow within the impeller and give few or 
no data on the action within the volute. This is decidedly a 
shortcoming, since a large part of the energy delivered to the 
fluid by the impeller is discharged from it in the form of kinetic 
energy, and must be transferred to pressure energy in the volute. 
Therefore, a knowledge of the flow conditions in the volute is 
very desirable. 

Daugherty (9) has combined a theoretical analysis with a 
study of the actual performance characteristics of certain pumps. 
One result of particular interest is his conclusion that the vane 
angle and the actual relative exit angle may differ by as much as 
five to ten degrees. 

Experimental Investigations. Probably one of the first experi- 
menters to study the flow conditions inside an actual rotating 
hydraulic machine was Francis (10) in 1851. In his Tremont 
turbine test he inserted a vane in the runner discharge, which 
gave the direction of the water leaving the wheel. 

Photographic studies have been made by Fischer and Thoma, 
(8, 11) Oertli, (12) Stiess, (13) Closterhalfen, (14) and others. 
Fischer and Thoma worked with a pump having an open impeller 
and a glass side. The flow was made visible by dye injections 
at various points in the impeller passages. This was studied by 
use of a rotating prism which made the impeller appear to stand 
still, and was photographed by a rotating camera. Closterhalfen 
also used a pump with a transparent case, and in addition 
measured the pressures at some points along the vanes. Oertli 
showed that the flow in the impeller was not exactly two- 
dimensional. 

All of these studies were carried out on pumps especially con- 
structed for the purpose, with the design modified to permit of 
radial plane windows and other necessary modifications. The 
heads, capacities, efficiencies, and Reynolds’ numbers were all 
low. The two latter indicated that there is good reason to expect 
a difference between characteristics of flow found in these pumps 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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and those existing in modern large, high-efficiency machines. 
Nevertheless, these studies have been very valuable in pointing 
out the discrepancies between the present theoretical treatments 
and the actual flow conditions, and also in showing the way to 
carry the work further. 

It should be mentioned that Yendo (15) used pressure-measur- 
ing holes in the guide vanes of a turbine pump to obtain the slip 
coefficient. However this method does not give a measurement. 
of the magnitude of the impeller exit velocity. 

The first study of internal-flow characteristics to be undertaken 
in the hydraulic laboratories of the California Institute of Tech- 
nology was initiated in the fall of 1931 by the present authors. 
The development of both instruments and technique had reached 
such a state by the spring of 1933 that a master’s thesis was 
presented by Binder (16) on an investigation of the flow character- 
istics in the volute of one of the laboratory pumps. 

In 1936, Kasai (17) reported his studies of 1933 and 1934. 
His instruments and method of attack followed closely those 
outlined in Binder’s thesis (16). Although Kasai also used a 
specially constructed pump which had a vortex chamber between 
the impeller and the volute, it was of a reasonable capacity 
and had a good efficiency. Therefore, it is felt that his work 
represented a definite advance over the investigations previously 
discussed. 

Expansion of Facilities. In the fall of 1933, the design and 
construction of a new hydraulic-machinery laboratory was 
started under a cooperative agreement between the Metropolitan 
Water District of Southern California and the California Institute 
of Technology. A description of this laboratory and its equip- 
ment has been given by Knapp (22). The program of investiga- 
tion of this laboratory offered exceptional incentives to continue 
the work already started on the internal-flow conditions. The 


laboratory equipment available was adapted very well to such 
a study, as it offered means for exact control of all test conditions, 
and instruments for making precision measurements of the 


pump performance. A group of pumps from different manu- 
facturers were available upon which this investigation could be 
carried out. They had all been selected carefully to represent 
the best practice in efficiency and general performance. They 
were of sufficient size (7 and 8 in. discharge) so that results ob- 
tained from them could be considered typical for high-head high- 
capacity units. In addition to having such satisfactory facilities 
available, it was felt that the severe conditions under which 
the Aqueduct pumps would operate necessitated a thorough 
knowledge of the internal-flow characteristics in order to insure 
maximum efficiency and trouble-free operation. Therefore, it 
was decided to proceed with the investigation which is the main 
subject of this article. 

Objectives. The chief experimental objectives of this study 
have been to obtain a complete analysis of both instantaneous 
and average values of pressures and velocities in the volutes of 
the pumps investigated. 

It was felt that a knowledge of the instantaneous velocities 
close to the impeller discharge, together with measurements of 
their variation with phase, i.e. with the relative position of the 
impeller passage, would prove very valuable in analyzing the 
flow in the impeller itself, since from such measurements the 
velocity distribution at the discharge end of the impeller passages 
can be calculated. 

The knowledge of the average values of velocity gave promise 
of being useful both in aiding to understand the flow in the 
volute itself, and in ascertaining the changes in flow conditions 
in a given impeller passage during each revolution as it discharged 
into successively different parts of the volute. 

The pressure distribution, taken together with the velocity 
distribution, not only should help to explain the flow characteris- 
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tics, but also should furnish a basis for calculating the radial 
forces acting on the impeller. 

With this brief discussion of the objectives of the investigation 
as a background, a description of the methods and instruments 
used will be presented before the experimental results and the 
conclusions are offered for consideration. 


TECHNIQUE OF MEASUREMENT 


A general discussion of the experimental methods employed 
to measure velocity vectors will be given first, followed by a short 
discussion of each major instrument. No attempt will be made 
in the present paper to give all of the details of the technique 
used, but it is hoped that a more complete description will be 
presented in a subsequent article. 

Fig. 1 is a diagram of the apparatus used. Briefly stated, the 
method employed was to insert a special direction-finding pitot 
tube across the volute. A sampling slide valve was inserted in 
each of the two connections from the pitot tube to the special 
differential gage. These slide valves opened for a short interval 
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of time each revolution of the pump, which resulted in a series of 
pressure impulses to the gage. Means were provided for shifting 
the phase between the pump shaft and the valve opening. 

A stroboscope indicated the position of the opening. Thus, the 
velocity could be measured as any particular point of the impeller 
passed the pitot tube. 

The Pitot-Tube Measurement. Fig. 2 shows the pitot tube used, 
which is sometimes called a “direction-finding”’ pitot by wind- 
tunnel experimenters. Fig. 3 shows the method of insertion in 
the different pump volutes. 

In any flow measurement it is not difficult to determine the true 
total head (velocity plus static), for the total head is obtained 
by placing an opening normal to the stream. However, for an 
accurate determination of velocity, it is also necessary to have a 
precise measurement of the static head, and this is much more 
difficult to secure. One of the main features of this pitot tube 
is that it gives an accurate measurement of static head in turbulent 
flow. 

Considering the pressure distribution around a small cylinder 
across a stream, it is known that there is a critical angle with the 
direction of flow at which the velocity pressure has no effect. 
This means that, having an opening at the critical angle with the 
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flow direction, the pressure transmitted to a gage will be truly 
static and unaffected by any influence of velocity. 

Dryden (18) and Fechheimer (19) were the early contributors 
toward the development of this type of pitot tube for air measure- 
ments. Fechheimer found the critical angle to be 391/, deg. 
The authors have checked this critical angle and the construction 
of '/,in. and */j-in. diameter pitot tubes by observing the 
position of thehole in a stream of known direction where the static 
pressure was known. This check gave an angle of 39!/, deg 
for the velocity range met in these pumps tests. It is interesting 
to note that these later measurements were made in water, but 
that the Reynolds number was substantially the same as that used 
by Fechheimer. 

Referring to Fig. 2, the small pressure openings were possible 
because of the use of a special differential gage to be described 
later. In using the tube in the pump volute it was necessary to 
“balance” the tube. Each static hole was connected to one side of 
the differential gage. The pitot tube in the unknown stream was 
rotated about its own axis until the pressures at each hole were 
the same, in other words, the differential pressure was zero. At 
this position velocity pressure had no effect on either hole, and 
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(Top: Radial section through volute of Byron Jackson double suction 
pump. Bottom: Radial section through volute of single-suction Worth- 
ington pump.) 


either hole could be used to measure static pressure. The 
bisector of the angle between the holes gave the direction of flow. 


The dynamic pressure was then obtained by placing one opening _ 


normal to the direction of flow, i.e., by simply rotating one 
hole back into the stream 39!/, deg. Thus, with the values of 
the directly measured total and static heads, the difference gave 
the velocity head, and the measured angle gave the direction of 
the velocity vector. 

An interesting and delicate technique was finally developed 
for constructing the pitot tube. After carefully tinning and then 
cleaning the inside of the brass tube, the holes were accurately 
drilled in a special jig. A piece of clean polished piano wire was 
inserted through one hole from the inside and extended out one 
end, while another piece of piano wire was arranged likewise for 
the other hole. A small metal plug was placed about '/2 in. below 
the plane of the holes and small pieces of solder filled in; heating 
carefully in an electric heater (for close temperature control) 
and in a reducing atmosphere (to prevent foreign matter from 
interfering with the perfect barrier) the solder plug, or barrier, 
was formed between the holes. Pulling out the piano wire as 
the solder solidified left the desired passages. The tube was then 
tested for the barrier, and checked for angle and velocity accuracy. 
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Special apparatus was devised for checking these pitot tubes. 
Using a free jet, many tests were made on the magnitude of 
velocity measurement, and very close agreements obtained for 
the range of high velocities met in pump traverses. Using this 
special apparatus with a closed jet, a wall correction was found 
which was applied to pump traverses. This wall-correction curve 
is shown in Fig. 4. 

Special Differential Gage. An ordinary mercury or water 
U-tube manometer would be out of the question on these fluc- 
tuating pressure measurements. To obtain a reading in a system 
using an ordinary U tube, an appreciable flow is required through 
the pitot pressure openings and the connecting leads; hence, a 
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Fig. 4 Prror-Tuspe CorRECTION 
Ap = projected area of the pitot tube, A = area of pipe without pitot tube, 
Vp = mean velocity indicated by pitot tube traverse, and V = velocity = 
quantity per unit time divided by A.) 
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Fig. 5 DirrFERENTIAL GAGE FOR FLUCTUATING PRESSURE 
MEASUREMENTS 


reading could not be obtained in a reasonable time. This diffi- 
culty was overcome by the development of a special differential 
gage. Its main features are that only a very small amount of 
flow is required for operation, the gage is very rapid, sensitive, 
and accurate. Many experimenters using pitot tubes have been 
limited by the use of U-tube manometers. Such a manometer 
requires that the pitot pressure openings be large enough to avoid 
excessive damping, while this special differential gage permits 
the use of much smaller pressure openings, and therefore smaller 
tube diameters. 

Fig. 5 shows the internal construction of the differential gage. 
Since the helix element is the same as is used on pressure-recording 
instruments, this differential gage can be adapted to any desired 
accuracy and range of pressure by a suitable selection of helix. 
One end of the helix element is fixed, while the other end is free 
to move. The free end is so connected as to cause a rotation of 
the stellite mirror when the free end moves. Water pressure is 
applied to both the inside and the outside of the Bourdon element, 
the whole mechanism being in water in a closed case. Thus, 
when the differential pressure changes, the free end of the 
Bourdon element rotates the mirror. The mirror arrangement 
magnifies this movement with the aid of an optical system. A 
light source sends a beam of light through the glass window to 
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strike the mirror. The reflected ray is focused on a graduated 
seale. The complete gage setup is shown in Fig. 6. 

The gage was calibrated with a deadweight gage tester, and 
gave a straight-line calibration curve. Repeated tests over long 
periods of time have shown that this gage holds its calibration 
precisely. 
solely on the differential pressure and is independent of the 
absolute pressure. 

One interesting feature of this gage is that it requires no time 
to give a pressure reading. In this gage there is no appreciable 
flow of water, it is practically a constant-volume system. 


Fig. 6 Setup OF THE DIFFERENTIAL GAGE 


Sampling Valve and Phase Shifter. With the pitot tube and the 
special differential gage, measurements of average velocity can 
be made in the pump volute. This in itself is an improved tech- 
nique, but further developments were made. Because of the 
extremely minute flow required to operate the differential gage 
it was possible to use a slide valve to sample the pressure trans- 
mitted from the pitot as any particular point on the impeller 
passed the pitot tube. The following description will show how 
this was accomplished. 

Referring to Fig. 1, the generator on the dynamometer shaft 
drove the synchronous motor at one-half pump speed. An 
eccentric on the motor shaft worked in a yoke to impart simple 
harmonic motion to the push rod driving the two valves. Each 
valve opened twice (back and forth) for every revolution of the 
synchronous motor, which meant one valve opening per revolu- 
tion of the pump. 

When the valves opened, the commutator contact would 
fire the neon light at the protractor on the pump shaft (one 
firing per one revolution of pump). The bolts between the field 
and the end bells of the valve motor were removed, and means 
provided for rotating the field of the motor. Thus there was a 
positive mechanical-electrical connection between the pump 
shaft and the slide valve, and by simply rotating the field of the 
motor it was possible to change the phase relation between the 
pump shaft and the time of opening of the valve. It was possible 
to change the phase by 360 deg, while the stroboscope always 
gave a precise indication of the position of opening of the valve. 

Fig. 7 shows the construction of one of the valves. E. R. 
Lockhart (20) helped work out the details of the sampling 
valves. The valves are duplicates, and accurately positioned 
to open at exactly the same time. 

Use was made of the fact that the eccentric and yoke imparted 
simple harmonic motion to the valve, with the result that at the 
middle of the valve travel the velocity is a maximum while the 
acceleration is zero. The valve therefore was set to open at 
the middle of the travel. With a slot thickness of 0.005 in., the 
time of opening corresponds to an angular rotation of 5 deg of 
impeller. Tests have shown that the motion of the valve at 
any speed has no effect on the pressure transmitted through the 


Tests have shown that the scale deflection depends. 
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valve. This is probably due to the fact that the valve opens at 
the point of zero acceleration. Whether or not this is the com- 
plete explanation, it is an experimental fact that the slide valve 
has no effect on the pressure transmitted. 

One very interesting check was made. With the apparatus 
installed on a pump, in place of the pitot tube an oscillating pres- 
sure of known frequency was applied to the slide valve. The 
pump was run at various speeds, each different from the known 
frequency of the applied pressure. For each case the number of 
“beats”? per minute, as shown by the differential gage, corre- 
sponded exactly to the difference between the pump speed and the 
cycles per minute of the applied pressure. 

Tests have shown that each slide valve when closed does not 
leak. A typical installation is shown in Fig. 8. 
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CONSTRUCTION OF SLIDE VALVE 


Fic. 8 A Test INSTALLATION 


General Remarks on Technique of Measurement. This technique 
of instantaneous velocity measurement is possible because the 
system from pitot tube to gage has practically no volume changes; 
the pressure is transmitted by the water without any appreciable 
flow. Pressure waves in the connecting leads might cause trouble, 
but the length of the leads was reduced to a minimum by placing 
the slide valve as close as possible to the pump. 


PRESENTATION OF Test RESULTS 


Notation Used in Measurements. For designating valve open- 
ing, one vane-tip edge was chosen as a zero reference. If the valve 
opened as the zero reference mark passed the pitot tube the 
“phase angle was 0 deg.” If the valve opened as some other 
point on the impeller passed the pitot tube, this point was referred 
to the zero mark as so many “degrees phase angle,’ where this 
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ungle is measured in the opposite sense to that of the pump ro- 
tation, i.e., the point lags the zero reference. 

For designating the axial position of measurement across the 
means over the center of the impeller, while 
“right” or “left’’ refers to the side from this center. 
right” and “left”? were used with the ob- 
server facing the pump suction flange. 
pump the “right” side refers to the suction side of the pump. 
The test results and curves from both pumps will be given first, 
to be followed by a combined discussion. 

Instantaneous Velocity Measurements on Byron Jackson 8-In. 
Double-Suction Centrifugal Pump. 


volute, “center’ 


double-suction pump 


sions are as follows: 


Capacity = 2400 gpm 
Total head = 360 ft 


Speed = 2500 rpm 


Specifie speed = 1400 
Impeller outside diameter = 135/s in. 
Impeller inside width 
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Puase A, 
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Fie. 10 


Impeller outside width 
= 1*/,in. 
Number of vanes = 8 

All tests on this pump were 
made at 2000 rpm. The maxi- 
mum efficiency at 2000 rpm 
was 84.6 per cent, which was 
the same as at the rated 
speed. All tests were made 
at plus 40 ft inlet head. Hy- 
draulically, this pump was 
better than appears here. 
Before these pitot-tube meas- 
urements were made, this 
pump had received some 
severe treatment in previous 
tests, with the results that 
the leakage losses were in- 
creased as the efficiency de- 
creased from an original value 
of 85.8 per cent to 84.6 per 
cent. 

Fig. 9 shows the spacing of 
the pitot-tube stations in the 
volute. Since this was a hori- 
zontally split-case double- 
suction pump, it was not pos- 
sible to provide pitot stations 
in the lower half of the vo- 
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lute, and therefore no measurements could be made in the vi- 
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.11 Instantaneous VELociTty TRAVERSE ACROSS THE VOLUTE OF THE BrRON JACKSON PuMP 
(Pump speed = 2000 rpm, impeller velocity = 116.8 fps, and phase angle = 0 deg.) 
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Fig. 10 shows the results of measurements to find the velocity 
distribution between vanes. For each set of measurements, the 
pitot tube was kept at a fixed position across the volute, while 
the phase angle was varied to traverse the impeller passage (by 
rotating the field of the synchronous motor driving the slide 
valves). 

Fig. 11 shows the profiles obtained from pitot-tube traverses 
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Fic. 12. Prrot-TuBE MEASUREMENTS AT DIFFERENT DISCHARGES 
OF THE Byron Jackson Pump 


across the volute, each tra- 
verse being made at a con- 
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All tests on this pump were made at 2500 rpm. The maximum 
efficiency at 2500 rpm was 88.6 per cent which was the same as 
at the rated speed. All tests were made at plus 40 ft inlet 
head. 

Extensive measurements were made at “normal,” “low,” and 
“high” pump discharges. Normal pump discharge is that at 
the point of maximum pump efficiency. Low refers to a dis- 
charge of about 19 per cent of normal, while high refers to a 
discharge of about 142 per cent of normal. 

Fig. 13 shows the spacing of the pitot-tube stations in the 
volute. It should be noted that there are two points of difference 
in the location of these stations as compared to those of Fig. 9. 
First, they are spaced completely around the volute, and second, 
they are all located at a constant radial distance from the impeller. 

Fig. 14 shows the results of measurements as the pitot tube 
was kept at a fixed position across the volute and the phase angle 
varied. 

Figs. 15, 16, and 17 show the profiles obtained from traverses 
across the volute, each traverse being made at a constant phase 
angle, and each figure referring to a different pump capacity. 
The traverses at high capacity are not complete, but the measure- 
ments are useful to some extent in a comparison with the re- 
sults of tests at normal and low capacities. 

Fig. 18 shows, for each pump capacity, a plot of average radial 
velocity vs. angle around the volute. Each point represents 
the average value of the corresponding profile found in Figs. 
15, 16, or 17. 

Fig. 19 shows the statie-pressure distribution around the volute 
as given by the pitot tube. The statie pressure plotted is that 
developed by the pump, and thus does not include the inlet 
pressure. The dashed horizontal lines indicate the mean static- 
pressure value for each curve. 

Fig. 20 shows both the unbalanced static pressure and the 
momentum forces acting on the impeller. In the absence of 
other definite information the outside outlet width of the im- 
peller was taken as the area over which the static pressure 
acts. 

Fig. 21 shows the average direction of the relative exit-velocity 
vectors at the different pitot stations. From each traverse across 
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stant phase angle. 

Fig. 12 shows the pitot- 
tube measurements at differ- 
ent pump discharges. With 
the pitot at one position in 
the center of the volute, the 
pump capacity was varied. 

Instantaneous Velocity Meas- 
urements on Worthington 
7-In. Single-Suction Centrifu- 
gal Pump. The pump rat- 
ing and dimensions are as 
follows: 


Capacity = 2400 gpm 
Head = 360 ft : 
Speed = 2900rpm 17 
Specific speed = 1720 
Impeller outside diameter = 121/2 in. 
Impeller inside width = 17/32 to 1"5/¢, in. 
Impeller outside width = 1'7/;» in. 
Number of vanes = 7 
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Fig. 13 Spacine OF THE PiTot-TUBE STATIONS IN THE VOLUTE OF THE WORTHINGTON PumMpP 


the impeller width, the average radial velocity and the average 
tangential velocity were computed. From these two averages 
and the impeller peripheral velocity a relative exit angle B was 
calculated for each traverse. 
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Discussion OF RESULTS 

It has been seen in the description of the test results that the 
measurements taken on the double-suction pump are not as 
complete as those made on the single-suction pump. However, 
in so far as they do duplicate each other, it is instructive to 
consider the data from both pumps simultaneously. Before 
doing so it should be noted that the double-suction pump has the 
lowest specific speed, even when both calculations are made on 
the same basis. If the specific speed of the double-suction ma- 
chine is calculated on the basis of one half the rated capacity, 
as is often the practice, then it becomes even lower, i.e., it re- 
duces to about 990, compared to 1720 for the single-suction pump. 

Instantaneous Velocity Distribution in Impeller Passages. Al- 
though no measurements could be made in the impeller passages 
themselves, much could be inferred concerning the velocity 
distribution at the discharge of the impeller passages from the 
instantaneous measurements taken with the pitot inserted in the 
volute very close to the impeller. As the phase angle at which 
the slide valve opened was shifted, the velocity gradient between 
the vanes was measured. The results obtained are seen for the 
two pumps in Figs. 10 and 14. The most striking thing to be 
noticed is that there is very little velocity variation observable 
between the vanes at normal pump discharge. This is not in 
agreement with the normal conception of the impeller flow, 
in which it is often assumed that there is a dead water space or 
even a backflow along the low-pressure side of the vane. Before 
any conclusions are reached it is necessary to consider several 
characteristics of the measurements: 

(a) The velocity distribution here obtained is not a true 
instantaneous picture of the flow from the volute but is rather 
the time variation of the velocity as the impeller passage passes 
a given station. To obtain the actual instantaneous velocity 
distribution it would have been necessary to have had a series 
of pitot stations spaced a few degrees apart around a portion of 
the impeller periphery, and to have taken a measurement with 
the correct phase angle at each of the stations. 

(6) The slide valve is opened an appreciable time, i.e., about 
5 deg of are. Therefore an individual measurement is an average 
and not an instantaneous value, and, due to wire drawing, it is 
not an arithmetical average. 

(c) Due to structural features of the pumps, clearances of 
from 1/, to 5/1. in. between the impeller and the pitot were neces- 
sary. Some change of velocity could therefore occur between 
the points of discharge and measurement. For example, this 
together with (b) explains why the flow is not zero during the time 
the vane itself is passing the measuring point. 
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After taking all of the foregoing factors into consideration, the 
conclusion is still unavoidable that in high-efficiency pumps, 
operating under conditions of normal discharge, the velocity 
distribution across the impeller passage discharge is surprisingly 
uniform. 

Fig. 14 shows that for capacities either above or below normal, 
some velocity gradients are observable. However, in no case are 
they as great as previous studies have indicated. 

Velocity Profiles Across the Volute. Figs. 11, 15, 16, and 17 
show the velocity profiles obtained by making traverses across 
the volutes from wall to wall at the different stations. It will 
be noted immediately that there are no marked breaks in the 
profiles to show the locations of the impeller shrouds. In this 
connection no attempt should be made to find zero flow between 
the shroud and the case at any single pitot station. Although 
the total flow across this space must be equal to the leakage 
through the wearing rings, it is very possible to have flow into 
the space in one region of the volute and out in other regions. 
In fact, this circulation can act as an energy pump by entering 
this space from the volute at a relatively low velocity and later 
returning to another section of the volute with a higher velocity. 
For example, in Fig. 15 the radial-velocity components show a 
net inflow at relatively low velocity to this space from stations 
A to G and outflow at higher velocity from station H to L. It 
will be remembered that originally pump volutes were built with 
small clearances between the walls and the impeller periphery, 
but that efficiencies were improved when the clearances were 
made much larger. The energy flow previously mentioned may 
account for some of this improvement, because, with the close 
clearances, the energy imparted to the fluid in these spaces by 
disk friction on the shrouds is trapped in the spaces and must 
be dissipated without benefit to the pump performance, while 
with ample clearances at least a part of this energy may be 
carried out into the volute and utilized. 

An inspection of the radial-velocity distributions for the low- 
capacity readings in Fig. 11 shows that under this condition the 
flow has two high-velocity peaks at each station. An obvious 
suggestion is that this is due to the double-suction impeller, 
which is fundamentally two impellers placed back to back. 
However, this is immediately seen to be erroneous when the 
same peaks are found in Fig. 16, which is plotted from measure- 
ments of the single-suction pump. The most reasonable explana- 
tion of these peaks appears to arise from a consideration of the 
centrifuge action of the shroud. Professor von Kérmén has 
suggested a calculation to help explain this matter. In the 
following calculation no claim is made to express exactly the 
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complicated conditions in a pump, but the computation serves 
to give the order of magnitude of the peaks. Professor von 
K4rmdén (21) has treated the problem of the frictional resistance 
of a rotating disk for the case of turbulent flow. He considered 
a smooth flat disk wetted on one side. The various momentum 
changes were taken into account, and the velocity distribution in 
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THE VOLUTE OF THE WORTHINGTON PUMP 
(Pump speed = 2500 rpm, and impeller peripheral velocity = 136.3 fps.) 


the boundary layer was assumed to follow the seventh-root law. 
The following expressions were derived in the treatment 


C, = 0.162 Rw 


6 = 0.522 R (=) 


where C, = maximum radial 

velocity in the boundary layer, 

R = radius of disk, w = angular 

velocity of the disk, 6 = thickness 

of the boundary layer, and » = 

kinematic viscosity of the fluid. 

Applying the two relations to the 

two pumps under consideration, 

and taking for R the radii of 

the peripheries of the impellers, 

the following values are obtained: f 
For the double-suction pump C, 
= 18.9 fps, and 6 = 0.15 in. For 
the single-suction pump C, = 
22.1 fps, and 6 = 0.14 in. 

Figs. 11 and 16 show that some 
of the measured radial-velocity 
peaks are close to these computed 
values of C.. Thus it is indicated 
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that each shroud acts as a cen- 
trifuge to discharge a sheet of 
water into the volute. 

The question might be raised 
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as to why there is a lack of a “shadow” in the velocity pro- 
files above the shroud. In both pumps the shrouds are about 
3/1. in. thick, and in this space there should be no radial flow. 
However, it is quite possible that in the short radial distance 
(between the impeller periphery and the measuring tube) the 
flows from both sides could diverge, and that these divergencies 
could combine to give an appreciable positive velocity over the 
shroud thickness. 

The difference in the velocity of these two flows, together with 
their initial separation due to the shroud thickness, offers a 
possible explanation of the shift of the velocity peaks away from 
the computed boundary layer and toward the center of the im- 
peller. Referring again to Figs. 15, 16, and 17, it will be seen that 
there are unsymmetrical peaks on the absolute-velocity profiles. 
For both normal and high capacities, these peaks are on the suc- 
tion side of the impeller center, while for low capacity the peaks 
are on the shaft side. It would be interesting to observe whether 
or not this shift of the position of the peaks occurred at the same 
time as the shift in the direction of the thrust commonly observed 
in single-suction pumps. 

Pitot-Tube Measurements for Variable Pump Capacity. Fig. 12 
shows the comparison between the head developed by the double- 
suction pump and the corresponding static and total heads as 
measured at two stations in the volute, for a wide range of capaci- 
ties. Although the measurements were taken with the pitot 
fixed at the center line of the impeller, the static-head readings 
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probably represent average values across the width of the volute, 
since it was found that the static pressure was relatively constant 
throughout the traverse. On the other hand, the total-head 
readings are not so representative, as shown by the absolute- 
velocity traverses of Fig. 11. The difference between the static 
pressures at the stations shows that there may be a possibility of 
an unbalanced radial force on the impeller, especially in the low- 
capacity region. Since the two curves cross in the vicinity of 
normal capacity, it might be expected that the direction of the 
unbalanced force would reverse in the high-capacity region. 

Radial-Velocity Distribution Around the Volute. The complete 
ring of pitot stations provided in the single-suction pump has 
made it possible for the first time to secure sufficient data to 
compute the radial-velocity distribution around the entire volute. 
Fig. 18 shows the three distribution curves obtained. 
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The first item to note is that the three capacities show markedly 
different characteristics. For normal capacity, the radial velocity 
is relatively constant around the entire volute, although it is 
by no means exactly so. At high capacity there is a region of 
uniform velocity extending over about 200 deg. The remainder 
of the circumference, which is in the vicinity of the tongue, shows 
a much higher value of outflow. At low capacity there is no 
region of uniform flow. However in the region of the tongue there 
is a very striking zone of high inflow. 

Both high- and low-capacity distributions lead to the same 
conclusion that, except for normal-capacity operation, there 
is always a large velocity variation in the impeller passage 
each revolution. Under some low-capacity conditions this 
becomes an actual reversal of flow. Probably this velocity fluctua- 
tion accounts for some loss in pump efficiency. 

Unbalanced Radial Forces. In the operation of high-head 
pumps, trouble sometimes arises with the wearing rings, caused 
by large shaft deflections. This results in metallic contact 
excessive wear and, hence, increased leakage. In severe cases, 
shafts have been known to break due to fatigue. Fig. 19 is a 
plot of the static-pressure distribution around the impeller of 
the single-suction pump, in an attempt to study this unbalanced 
force. Lack of uniformity of static pressure would of course give 
rise to such a radial resultant force. Note that at normal capacity 
the static pressure is quite uniform, while very wide variations 
are present for both low and high capacities. 

If the radial forces represented in Fig. 19 are added vectorially, 
the magnitude and direction of the unbalanced resultant is ob- 
tained. Reference to Fig. 20 shows that the directions of the 
resultants are quite different for high- and low-capacity operation. 
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This could have been predicated from the difference in shapes of 
the corresponding pressure distributions of Fig. 19. 

This force resulting from the unbalanced static-pressure dis- 
tribution is, however, not the only radial force acting on the im- 
peller. A nonuniform velocity distribution will give rise to an 
unbalanced momentum force in the same manner. This must be 
added to the statie-pressure force to obtain the total hydraulic 
reaction. 

The analysis of the three operating conditions presented in 
Fig. 20 shows that at low capacity the deflection may be about 
three times that at normal capacity, while for high capacity it 
may be twice that at normal. The latter is not so serious, since 
operation at high capacity is not always necessary. On the other 
hand, the low-capacity range is always passed through when the 
machine is started and stopped, and continuous operation in this 
region is not uncommon. 

Measurements of the deflections at the impeller wearing ring 
during operation under the various indicated capacities have 
shown that the impeller movement was in a direction which agrees 
with that of the resultant force vectors as determined in Fig. 20. 
A study of the stress-strain conditions in the shaft agreed in 
magnitude with those calculated from the hydraulic reaction, 
although in general the former are somewhat higher. However, 
this stress-strain analysis involves considerable difficulty because 
of the uncertainty as to the amount of the bearing and casing 
deflections. 

Direction of Relative Exit Velocity From Impeller. A question of 
considerable interest is the relation between the vane exit angle 
and the direction of the relative velocity of the fluid leaving the 
impeller. One item to note is that the relative exit angle is less 
than the vane angle for all points except one. Again, at normal 
capacity the conditions are relatively uniform around the entire 
perpihery, while at low and high capacity there is a wide deviation 
between the different stations. The averages given in Fig. 21 
show that at low capacity the deviation between the vane angle 
and the relative velocity is 14.2 deg, for normal capacity 9 deg, 
and for high capacity 6.8 deg. Note that in the vicinity of the 
tongue the deviation reaches as much as 36 deg. 


SuMMARY OF RESULTS 


1 There is practically no instantaneous velocity variation in 
the impeller discharge at normal capacity and only slightly more 
at low or high capacities during the time of passage of one vane 
space past a measuring station. 

2 There is a strong circulation between the volute and the 
impeller clearance space which apparently acts as an energy 
pump and helps to minimize losses. 

3 For low-capacity conditions, double peak-velocity profiles 
were found, probably due to a centrifuge action of the shroud. 

4 For normal capacity, the radial-velocity distribution around 
the volute is relatively uniform, while for high or low capacities 
large variations are found. 

5 For low capacity, a high ratio of inflow is observed in the 
region of the tongue, while for high capacity a high outflow occurs 
in the same area. 

6 Nonuniform velocity and static-pressure distribution com- 
bine to produce unbalanced radial forces on the impeller. Maxi- 
mum values exist during low-capacity operation, while the forces 
are at a minimum for normal rates of discharge. 

7 A considerable variation in the deviation between the vane 
exit angle and the relative velocity was observed. The average 
deviation was greatest for low-capacity conditions and least 
for high-capacity conditions. At normal discharges it was 9 deg. 
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The Hydraulic-Machinery Laboratory 
at the California Institute 
of Technology 


By R. T. KNAPP,! PASADENA, CALIF. 


This paper gives a description of the arrangement, 
equipment, and instrumentation of the hydraulic-ma- 
chinery laboratory at the California Institute of Tech- 
nology. This laboratory was designed essentially to work 
with problems involving high heads, high speeds, and 
moderately large powers and rates of flow. The instru- 
ments and equipment permit both speed and precision 
in testing, an overall accuracy of 0.1 per cent being attain- 
able. For the past two years the laboratory has been used 
for the study of pumping problems of the Colorado River 
aqueduct, a project which will have pumps totaling 350,000 
hp when completed. 


HE Hydraulic-Machinery Laboratory is a joint enterprise 
‘ta the California Institute of Technology and the Metro- 

politan Water District of Southern California. In Novem- 
ber, 1933, the formation of the laboratory was authorized by 
F. E. Weymouth, general manager and chief engineer of the 
Metropolitan Water District, a three-year agreement was signed 
by the two organizations, and the design of the laboratory was 
begun. Construction was completed by the end of August, 
1934, and since that time this laboratory has been in continuous 
operation. 

The need for the laboratory arose principally from the extra- 
ordinarily severe problems that faced the District engineers in 
connection with the pumping plants for the Colorado River 
aqueduct. This aqueduct will have a capacity of 1600 cfs, and 
in bringing this water the 300 miles from the Colorado River to 
Los Angeles and the other Southern California municipalities 
which have united to form the Metropolitan Water District, 
it is necessary to lift it a total of nearly 1700 ft. To do this will 
require about 350,000 hp, which classes it as the largest pumping 
project in existence. The location finally selected divides this 
lift between five pumping stations, working against average 
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heads of from 146 ft for the lowest to 444 ft for the highest. 
Very little precedent was available for plants of such size, to 
assist the engineers of the District in answering questions con- 
cerning maximum permissible head per stage, single- or double- 
suction pumps, optimum speeds, attainable efficiencies, and 
desirable operating characteristics. It was felt that a properly 
equipped laboratory would be of great assistance in studying 
such problems, and would amply justify the expense required, 
both by savings expected and by the insurance of obtaining the 
most satisfactory type of equipment. 

The responsibility of supervising the design, construction, and 
operation of the laboratory was placed in the hands of a group 
consisting of Professors Th. von Karman, R. L. Daugherty, and 
R. T. Knapp for the Institute, and J. M. Gaylord, chief electrical 
engineer, and R. M. Peabody, senior mechanical engineer, 
for the district. In the two years since the construction was 
completed, the laboratory has been engaged in working on the 
following problems: 


1 A comprehensive study of a group of pumps of varying 
specific speeds and other operating characteristics for the purpose 
of selecting the proper specifications for the pumps in the different 
stations. 

2 Precision acceptance tests of both bidders’ and contractors’ 
model pumps. 

3 <A study of the transient flow characteristics of the con- 
tractors’ model pumps in order to ascertain their behavior during 
emergency conditions such as power failure and shaft breakage. 

4 Special internal surveys of the hydraulic conditions existing 
within the case, as they affect either structural design or operating 
efficiency of the unit. 

5° Study of control-valve characteristics throughout the 
operating range from closed to full open. 

6 Metering investigations. 


The purpose of this paper, however, is not to discuss any of 
the details of the work of the laboratory, but is rather to give a 
description of the laboratory itself, its equipment and instru- 
mentation, and thus furnish a foundation for subsequent reports 
dealing with the various investigations that have been under- 
taken. 


GENERAL DESCRIPTION OF LABORATORY CIRCUITS 


(A) Main Circuit. The equipment in the laboratory is ar- 
ranged in a series of closed hydraulic circuits, to increase its 
convenience and usefulness. The main circuit is shown in Fig. 1 
and consists essentially of the low-pressure regulating tank, 
the machine under test connected to the dynamometer, the 
venturi meters, and the high-pressure service pumps. This cir- 
cuit can be utilized with flow in either direction through the test 
machine, for by means of interconnections the suction and dis- 
charge connections of the service pumps may be reversed. Also, 
parts of the circuit not needed can be by-passed. An example 
of this is shown in Fig. 2, which is the circuit most used for the 
normal pump tests. 
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(B) Pressure-Regulating Circuit. Superimposed on the main 
circuit are two auxiliary closed circuits, the arrangements of 
which can be seen in Fig. 3. The pressure-regulating circuit has 
a flow of about 450 gpm. Its function is to regulate the pressure 
in the low-pressure tank to any desired value between about 120 
ft above atmospheric and 20 ft below. Since the only connection 
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between the main circuit and the atmosphere is through this 
auxiliary circuit, it serves to stabilize the pressure level of the 
main circuit at the point desired. As the rate of flow through 
this regulating circuit is constant, the pressure in the tank is 
controlled by varying the resistance offered by the by-pass valve 
shown in Fig. 3. This valve is actuated from the operator’s 
table. If the pressure desired is below atmosphere, it is necessary 
to run the by-pass pump to eject the regulating flow from the 
tank. In this case the vacuum pump located above the tank is 


also run to remove any dissolved air that comes out of solution in 
this region of low pressure. Since this pump operates through 
a barometric loop, no water leaves the system by way of this 
path. 

(C) Cooling Circuit. The second auxiliary circuit shown in 
Fig. 3 is the cooling circuit. Fundamentally, all of the energy 
supplied to the machines in the main circuit is dissipated in 
heating the water. In some conditions of operation the dyna- 
mometer may be contributing 450 hp, the two high-pressure ser- 


Fig. 3 ARRANGEMENT OF AUXILIARY CLOSED Circuits SuPer- 
IMPOSED ON THE Main CircuirT 


AAAI THOT TLE VALVES 


Fic. 4 Main Circurr REARRANGED TO INCLUDE CALIBRATING AND 
STroraGe TANKS 


fi 
Fie. 1 Tue Main Circuit oF THE LABORATORY SST] 
| 4 
<0) | 
| 
= wt | | | 
eof we | (8) 
yen Z > | 
LSS 
SAN 


HYDRAULICS HYD-58-5 665 


vice pumps 250 hp each, and other sources say another 100 hp. 
The main circuit contains something less than 400 cu ft of 
water. Therefore, if nothing were done to control it, the 
temperature would rise about 2 deg per min. Since such a state 
would be intolerable, a portion of the flow coming out of the 
low-pressure tank through the by-pass line is diverted to a pump 
which sends it to spray nozzles in a pond on the roof. In this 
way enough heat is dissipated to keep the temperature under 
control for all conditions of operation. 

(D) Calibrating Circuit. For the purpose of calibrating the 
venturi meters, or for making a direct volumetric determination 
of given points of operation of the machine under test, it is de- 
sirable to rearrange the main circuit as shown in Fig. 4 to include 
the calibrating and storage tanks. It should be noted that the 
venturi meters employed are of symmetrical construction so that 
they can measure flow in either direction. Although Fig. 4 
shows the circuit arranged to calibrate one direction of flow, 
it is possible to reverse the flow through the meters without 


Fie. 5 Compete Piptnc DIAGRAM OF THE LABORATORY 


changing the arrangement for calibration. Thus, the meters 
may be calibrated in place under all possible operating conditions. 

(E) Special Circuits. Although the arrangements previously 
described are the ones used for the majority of the work, other 
circuit combinations are easily obtained. Fig. 5 shows the com- 
plete piping diagram for the laboratory, and may serve to demon- 
strate the versatility of the system. 


GENERAL INSTALLATION 


The main units of the laboratory equipment are housed in a 
room about 20 ft wide, 48 ft long, and 50 ft high. A working floor 
was constructed about 12 ft above the original level. The general 
appearance of this part of the laboratory is shown in Figs. 6 
and 7. The basement formed below this floor houses the high- 
pressure service pumps, the by-pass valve and pumps, the venturi 
meters and other auxiliary apparatus. The calibrating tanks, 
storage tank, and supply pumps are in a long room that opens 
off from the northeast corner of the working floor. Thus, it will 
be seen that the entire installation is very compact and con- 
venient to operate. 


Fie. 6 Workinc Fioor Lookina Nortu, SHOWING PRESSURE 
TANKS IN THE BACKGROUND 


Fig. 7 Worktne FLoor Lookine Soutu, SHowING DyNAMOMETER 
IN THE FOREGROUND 


LABORATORY EQUIPMENT 


(A) Dynamometer. The dynamometer was furnished by the 
General Electric Company under special specifications prepared 
by the laboratory. It has a rated output of 275 hp as a motor, 
with ample overload capacity in reserve. In fact, it has delivered 
as much as 500 hp for short periods during the testing program. 
As a generator, its rating is correspondingly slightly higher. 
It can operate at speeds up to 5000 rpm, and has been tested to 
a runaway speed of 5500 rpm. It is, of course, a direct-current 
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machine and has a 250-v. normal operating rating. The sepa- 
rately excited fields are wound for 125 v. It may be operated 
equally satisfactorily in either direction of rotation. 

The armature is provided with special high-speed ball bearings 
to eliminate the slight shift in radial position of the armature 
with respect to the frame which would have been present if sleeve 
bearings had been used. This shift would have been objection- 
able, since the variable unbalance accompanying it would have 
been considerably greater than the limits of accuracy of the 
torque measurements desired. 

To provide the means for measuring the dynamometer torque, 
the frame is mounted on spherical roller bearings placed over 


Fig. 8 ApsusTaABLE Base FoR Mountine Test UNItTs 


the shaft bearing housing. The outer races of these bearings in 
turn are mounted in sleeve bearings and are rotated slowly 
(about 7 rpm) in opposite directions by individual 0.5-hp motors. 
Thus, the static friction of these bearings is eliminated and the 
running friction is neutralized by balancing them against each 
other. 

In addition, the possibility of these bearings “‘Brinelling’’ is 
eliminated, thus insuring the maintenance of the original sen- 
sitivity of the mounting to changes in torque. The frame is 
prevented from rotating by two stops fastened to the base. 
These are so adjusted that the dynamometer is free to rotate a 
total of only a few thousandths of an inch. No clamp is pro- 
vided for use when starting or stopping, as it is unnecessary when 
the frame rotation is so limited. 

A 5-kw, two-pole alternator is mounted on a shaft extension 
at one end of the dynamometer. The frame of this machine is 
fastened to the main-dynamometer frame; therefore, it has no 
effect on the torque reading of the dynamometer under any 
circumstances. The power from this alternator can be used to 
drive synchronous motors in any part of the laboratory which 
will therefore run either with the identical speed of the dyna- 
mometer, or at some definite fraction of that speed, as determined 
by the number of poles on the motor. One such motor is used 
to drive the tachometer and a contactor for giving a signal 
every 5, 10, or 50 revolutions of the dynamometer shaft. 

The bottom and sides of the dynamometer base are carefully 
machined to fit the ways of two sub-bases. These are mounted 
on a massive concrete structure which is independent of the 
rest of the laboratory, this being done to reduce vibration to a 
minimum. One sub-base is mounted for use with machines having 
an axial pipe connection, such as single-suction pumps or axial- 
discharge turbines. The other sub-base is mounted at right angles 
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to this position, for use with machines having both pipe connec- 
tions at right angles to the shaft, such as double-suction pumps. 
The ways of the sub-bases provide for considerable axial adjust- 
ment in the position of the dynamometer, to meet the variations 
in dimensions of the different machines to be tested. The dyna- 
mometer is moved from one sub-base to the other by means of a 
traveling crane. The special bridle which has been constructed 
to facilitate this change may be seen on the right-hand wall in 
Fig. 6. The general appearance of the dynamometer is shown 
in the foreground in Fig. 7, while the two sub-bases may be seen 
in Fig. 6. 

Since both the speed and the power involved are rather high, 
it has been thought advisable to provide a convenient emergency 
stop. Therefore, a system of overhead wires connected to a 
master relay switch is strung around the laboratory, so that in 
case any trouble develops the dynamometer can be shut down 
from any point on the operating floor. 

The power supply for the operation of the dynamometer comes 
from a 700-kw motor-generator set which is part of the wind- 
tunnel equipment housed in the same building. Since it is not 


Fic. 9 GenerAL View or LABORATORY BASEMENT SHOWING HIGH- 
Service 


properly a part of this laboratory, no further description of it 
will be given here. 

(B) Adjustable Testing Base. Installed on the same concrete 
platform with the dynamometer is an adjustable testing base on 
which the different machines under test are mounted. The 
principal adjustment provided is in the vertical direction, since 
there is considerable variation in the distance between the shaft 
and the base plate on the different machines submitted for test. 
Convenient adjustments of small range are also provided in the 
two horizontal directions and also in rotation. These latter 
movements greatly facilitate the precise lining-up of the machine 
to be tested with the dynamometer. A view of this base and the 
adjusting screws is seen in Fig. 8. The time required to change 
machines is reduced considerably by the use of this base, even 
though exact alignments must always be secured, due to the high 
speeds of rotation and powers involved. 

(C) Low- and High-Head Tanks. The low-head tank and the 
two high-head tanks shown in Figs. 1 to 5, inclusive, are all of 
similar construction. They comply with the A.S.M.E. Unfired 
Pressure Vessel Code, Class I specifications, and are electrically 
welded, stress relieved, and all seams were X-rayed. In addition 
they were tested hydrostatically to 500 lb per sq in., although 
they are rated at 300 lb per sq in. working pressure. Their 
general appearance is shown in Fig. 6, although it must be 
remembered that they extend down to the floor below, making 
them about 12 ft longer than they appear in the illustration. 
The low-head tank has a volumetric capacity of about 350 cu 
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ft, while the high-head tanks each have a capacity of about 1000 
cu ft. 

(D) Calibrating and Storage Tanks. Two open calibrating 
tanks and a storage tank are provided. They are all 10 ft in 
depth and are built into a 10 X 10-ft concrete channel which 
was in the original building. In order to eliminate leakage, these 
tanks are lined with '/;-in. steel, welded in place and grouted to 
the original walls. The sides are vertical. The two calibrating 
tanks have capacities of 300 and 1000 cu ft, respectively, while 
the storage tank has a capacity of about 5000 cu ft. They are 
all provided with broad crested overflow wiers to prevent danger 
of damage to the rest of the laboratory and adjoining electrical 
equipment. 

(E) High-Head Service Pumps. The two service pumps 
shown in the main circuit are located in the basement. They 
furnish the high-head water supply needed for reverse-flow tests, 
turbine tests, etc. They are single-stage, double-suction pumps 
and have normal ratings of 360 ft head and 2400 gpm. They 
are driven by 200-hp induction motors at a speed of 2900 rpm. 
They are installed on the foundation of the isolated dynamometer 
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structure, as shown in Fig. 9. It is evident from the piping dia- 
gram shown in Fig. 5, that they can be operated either in series 
or in parallel, and that there are a number of alternate paths 
both for the suction and the discharge. 

(F) Low-Head Supply Pumps. Two short-column deep-well 
pumps are submerged in the storage tank. Both develop heads 
of 50 ft and are arranged to operate either singly or in parallel. 
The smaller one has a capacity of 4 cfs while the larger has a 
capacity of 8 cfs. They are used to supply the intake head when 
a test pump is discharging to the calibrating tanks, to feed the 
service pumps when they are operating in parallel, or for other 
purposes where a relatively large quantity of water at low head 
is needed. 

(G) Auziliary Pumps. The supply and by-pass pumps of 
the regulating circuit are matched as to capacity, since they 
operate in series. They have ratings of 120 and 30 ft head, 
respectively, both at 450 gpm. The supply pump is of the four- 
stage short-column deep-well type and is submerged in the storage 
tank. The by-pass pump is of the simple single-suction close- 
built type with integral driving motor. Of its 30 ft total head, 
20 ft or more at times may be suction-lift. Both these and all 
the other auxiliary pumps are induction-motor driven. 


The calibrating-tank pumps are used to empty these tanks 
after a calibrating run has been made. It was felt undesirable 
to have any openings in these tanks because of possible leaks. 
Therefore, these pumps are again simply short-column deep- 
well types which are suspended 
from above and discharge over 
the tops of the side walls of the 
calibrating tanks. Inciden- 
tally, the one in the larger 
tank has an adjustable-pitch 
propeller which gives the pos- 
sibility of carrying on some 
interesting work with it in the 
future. With its present set- 
ting, it has a capacity of about 
5000 gpm against a 12-ft head. 

The cooling-water pump is 
of the simple single-stage type 
and has a capacity of 150 gpm 
against a head of 120 ft. The 
vacuum pump is a Nash Hy- 
tor, and can be seen mounted 
above the low-pressure tank in 
Fig. 6. 

(H) Valves. For conveni- 
ence, it was decided to operate several of the valves by motor, 
and to control them remotely from the operator’s table. Grease- 
lubricated plug cocks were utilized for this purpose, with speciat 
diamond ports for the main throttle valve and the by-pass valve. 
The normal positive stops were removed, limit switches installed 
in their places, and a 0.25-hp motor with integral gear reducer 
and electric brake was connected by chain to the hand-wheel 
shaft of the valve mechanism. Fig. 10 shows the two throttle 
valves in position. 

Grease-lubricated and sealed plug valves were also used on the 
bank of venturi meters, because they were apparently the most 
leak-proof under operating conditions and it was very necessary 
that there should be no leakage flow through the meter lines not 
being used. However, these valves are manually operated since 
they are used only when changing meters. 

Gate valves were used in the remainder of the piping system. 

Of these, some were in key positions where leakage through a 
closed valve would affect the accuracy of the measurements, 
while others were so placed that leakage was of small moment. 
For the key positions double-disk valves were employed, with 
special bleeder connections between the disks. No leakage from 
an open bleeder on a closed valve is positive assurance that there 
is no leakage through the valve. 
(I) Vane Elbows. In several locations in the laboratory piping 
system it was desirable to have as little disturbance as possible 
downstream from an elbow. For this purpose a series of vane 
elbows were designed by the laboratory, patterned after wind- 
tunnel practice. Two types were constructed, one a cast-iron 
casing with steel vanes placed in the core, and the other of all- 
welded construction. Fig. 11 is a section through a cast elbow, 
showing the vane spacing which is typical for all sizes. The 
cast type was made in the 10-in. size only, while the welded con- 
struction was employed for 8-, 12-, and 16-in. sizes. Figs. 12 and13 
show the appearance of the finished elbows. It should be noted 
that it is possible to secure a most compact construction with the 
vane-type elbow. 


Fig. 11 Section THROUGH THE 
Cast-Iron Vane ELBow 


LABORATORY INSTRUMENTATION 


Before the instruments were designed, a thorough study of 
the needs of the laboratory was made. This resulted in the fol- 
lowing general specifications for the entire group of instruments: 
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1 Precision and sensitivity. The work contemplated called 
for an accuracy of an individual reading of 0.1 per cent. 

2 Elimination of personal equation. The necessity of using 
several different operators made it desirable to have the readings 
as impersonal as possible. 

3 Primary standard type of instruments. Part of the work 
contemplated for the laboratory was the testing of model pumps, 


Fig. 12 Tue 10-In. Cast-IRon VANE ELBow 


supplied by different bidders or contractors. Due to the variety 
of interests involved, it was felt that instruments whose accuracy 
depended on fundamental measurements of length, weight, and 
time were to be preferred, where possible, to those of the secondary 
standard type whose accuracy depended entirely on calibration. 

4 Speed of measurement. It was known in the beginning that 
there was a great deal of work to be done by the laboratory in 
the limited time available, therefore an instrument ensemble 
which could speed up the observations without sacrificing ac- 
curacy would be very advantageous. 

5 Flexibility. Although certain tasks were definite at the 
start, the entire program could not be outlined ahead of time, 
because the project was fundamentally a research undertaking. 
For this reason it was decided to strive for as much versatility as 
compatible with the known objectives of the laboratory. 

Quantities to Be Measured or Controlled. The fundamental 
quantities for which instruments were to be designed to measure 
or control were speed, torque, inlet and discharge pressures, and 
rate of flow. During the course of the work other instruments 
were developed to measure special properties, but they do not 
properly belong to the primary equipment of the laboratory and 
will not be described here. 

Speed. In working with high-speed hydraulic machinery, 
probably the measurement and control of speed causes the most 
difficulty. Not only is it hard to measure in itself, but the slight 
variations present with most equipment are reflected in the 
torque, head, and flow readings as well. Therefore, it was decided 
to endeavor to construct a speed-control system to hold the test 
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machine at the precise speed at which the tests were desired, 
independent of fluctuations of load or other disturbances. The 
basic principle finally adopted is a comparison between a known 
standard speed and the speed of the machine under test, with 
any existing difference, no matter how small, acting to correct 
the speed of the test machine. 

Standard Reference Speed. The primary accuracy of such a 
system depends first upon the accuracy of the reference speed. 
The first thought for a source of such a reference is naturally a 
synchronous motor driven from the local power supply. The 
accuracy of this source over long periods of time is unquestioned, 
since it is used to drive clocks which are never out more than a 
total of a few seconds in 24 hr, which is a precision much greater 
than the 0.1 per cent set for the laboratory instruments. How- 
ever, a more careful investigation showed that the situation was 
not so favorable. Short-time variations of 0.75 per cent were 
found to be relatively common, lasting for periods of from a few 
seconds to several minutes. Since this condition was not tolerable, 
it was decided to construct a 1-kw standard-frequency system, 
the power of which could be used to drive the standard reference 
motor, a chronograph, and other auxiliaries which might demand 
an absolutely constant, known speed. 

For the basis of this system a 40-kilocycle quartz crystal was 
chosen, provided with a thermostatic case. This frequency is 
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picked up in the usual manner with a loosely coupled vacuum-tube 
circuit and then stepped down to 800 cycles through a pair of 
multivibrators acting in series. This is then amplified until a 
few watts of power are available and a special 800-cycle syn- 
chronous motor is driven by it. This in turn operates a 50-cycle 
commutator which is used to control a thyratron inverter circuit. 
The output from this is 1 kw of 50-cycle single-phase power at 
110 v. 

There are two simple checks of the accuracy of this system. 
In the first, the frequency of the quartz crystal is compared 
with the carrier frequency of one of the several local radio stations. 
This carrier frequency is claimed to be accurate and constant to 
one part in three hundred thousand. A convenient little circuit 
employing one of the small cathode-ray tubes, now so popular 
for silent tuning of radios, serves to visually indicate the beats 
between the two systems. By this means it has been determined 
that the laboratory standard-frequency system has a minimum 
accuracy of one part in one hundred thousand. The second 
check is a rough one and is used primarily to insure that the multi- 
vibrators are operating on the proper steps. It consists in simply 
comparing the 50-cycle output frequency from the inverter 
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with the local 50-cycle power line. Incidentally, this gives a 
constant check on the deviations of the local power and has 
shown that the laboratory was amply justified in constructing 
:ts own standard-frequency system. 

Dynamometer Speed Control. The speed-control system, 
shown in Fig. 14, is built around two synchronous motors, one 
operated by the standard-frequency system and the other by the 
alternator on the dynamometer shaft. These drive two shafts 
of a small bevel-gear differential. The third shaft therefore 
turns at a speed proportional to the difference of the other two. 
This shaft actuates a phase shifter (in this case a selsyn motor 
driven through a friction clutch and limited in motion by stops) 
which controls the output of a battery of thyratron rectifiers. 
These furnish the excitation field for the shunt-wound dynamome- 
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ter, and thus control its speed. It will be seen that any difference 
in speed between the dynamometer and the speed standard 
acts immediately to correct itself. The only position of equi- 
librium is absolute synchronism of the two systems. 

One detail of the field control is of interest. The field windings 
on each pole are split into two equal coils, thus giving two equal 
field circuits. Only one of these receives its excitation from the 
controlled thyratron rectifiers. The other goes to the normal 
direct-current laboratory exciter bus. By means of field rheostats, 
the relative strengths of the fixed and variable portions of the 
field windings are adjusted easily to eliminate any tendency for 
hunting to occur. 

Interposed between the control differential and the dyna- 
mometer-driven synchronous motor is a multirange gearbox. 
With this it is possible to adjust the ratio between the standard 
reference speed and that of the dynamometer so that the latter 
may be operated at any speed between 1000 and 5000 rpm in 
one-half revolution steps. This is accomplished with four gear- 
shift levers by use of differentials which permit the addition of 
ratios rather than simple multiplication. 

Fig. 15 is a line diagram of the internal arrangement of the 
gearbox. With this construction each shift handle controls a 
decade, the steps of which are 500, 50, 5, and 0.5 rpm, respectively, 
which makes the setting of any chosen speed a very simple matter. 

The control shaft operating the phase shifter is provided with 
a pointer. When this pointer is stationary, irrespective of 
location, it indicates that the dynamometer speed corresponds 
exactly to the gearbox setting. This is all the speed measure- 
ment that is necessary. Chronographic checks have demon- 
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strated that this system is very reliable, and that the maximum 
instantaneous variation from the set speed under steady load 
conditions is about 1 rpm. 

Fig. 16 is a view looking down upon the gearbox with the 
cover removed to show the construction, and Fig. 17 shows the 
appearance of the assembly installed at the operator’s table. 

Torque Measurement. The method of mounting the dyna- 
mometer for weighing the torque reaction has already been de- 
scribed. The sensitivity of this mounting proved to be 0.01 ft-lb. 


Fie. 17 THe Grarsox INSTALLATION 

In order to measure the torque accurately, two systems were 
installed, the lower and the upper weighing mechanisms. The 
lower weighing mechanism is manually operated and measures 
units of 100 ft-lb only, while the upper weighing mechanism is 
automatically balanced and weighs to the nearest 0.01 ft-lb, 
with a maximum of about 125 ft-lb. Together they have a 
capacity of 1200 ft-lb, which is sufficient for any condition of 
operation of the dynamometer. 

Lower Weighing Mechanism. The lower weighing mechanism 
operates hydraulically. It consists of two ground and lapped 
pistons and cylinders mounted on the dynamometer base and 
working against knife-edgeson the dynamometer, a smaller cylinder 
and piston of similar construction on the operator’s table for apply- 
ing the loads, a transmission line between them, and a pump for 
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Fig. 18 OprraTING PorTION OF THE LOWER WEIGHING MECHANISM 
MOUNTED ON THE DYNAMOMETER 


Fic. 19 Controut Portion oF THE LOWER WEIGHING MECHANISM, 
MOUNTED ON THE OPERATOR’S TABLE 


= 
Fig. 16 Gearsox Cover REMOVED 
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periodically supplying small quantities of oil to the system to 
take care of the leakage. The two sets of pistons and cylinders 
are required on the dynamometer to take care of both directions 
of rotation, but only one is in use at a time. The cylinders are 
all oscillated continuously by small motors, which eliminates 
wall friction and increases the sensitivity. The two dynamometer 
units are so accurately paired that there is no detectable difference 
in their readings. Although the pistons are about 1.25 in. in 
diameter, and the working clearances are the order of 0.0001 in., 
they can be interchanged in the cylinders. 

Fig. 18 shows part of the dynamometer installation and Fig. 
19 shows the parts that are on the operator’s table. Note 
that the leakage supply pump is a stock high-pressure posi- 
tive lubricator equipped with a motor drive which is operated 
from a push button conveniently located on the table. The 
stock of 100-ft-lb weights are to be seen on the table to the right 
of the piston and cylinder assembly. The oscillating motor is 
mounted close under the table top and is visible at the right of 
the flexible helix leading up to the cylinder. 

Upper Weighing Mechanism. The upper weighing mechanism 
is very simple in operation and is mounted directly on top of the 
dynamometer. It consists of a calibrated weight which moves 
horizontally, normal to the axis of the dynamometer. It is 
driven by a precision screw which is carried in preloaded bearings 
to eliminate any back-lash. Therefore the revolutions of the 
screw measure the torque, and all that is necessary is to attach 
a revolution counter through a proper gear train to give the 
reading directly in foot-pounds. This is relayed to the operator’s 
table with a pair of selsyns to increase the speed of testing. Fig. 
20 shows the installation. The screw is driven by a reversing 
motor, which is controlled by sets of contacts between the 
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dynamometer frame and the base. The 0.003- to 0.004 in. 
freedom of oscillation permitted the dynamometer by the frame 
stops is sufficient to operate the contacts. Sparking and welding 
are prevented by use of vacuum-tube relay circuits, which also 
permit of an adjustable time delay which is used to prevent hunt- 
ing. The same contact and relay system also operates solenoids 
of adjustable strength which apply small countertorques to 
the dynamometer frame. This, in combination with the time 
delay, has been successful in eliminating all hunting of the 
automatic balancing mechanism. 

The calibration of both upper and lower systems is accom- 
plished by hanging known weights directly on the dynamometer 


Fig. 21 Orm-Operatep Pressure Gaces WitH RESERVOIRS 
MountTeD BENEATH 


on knife-edges supplied for that purpose. The accuracy of the 
combined system considerably exceeds the 0.1 per cent limit 
originally set as the goal. 

Head or Pressure Measurement. In working with hydraulic 
machinery, it is of course necessary to measure heads in terms 
of feet of the actual fluid used. However, since this varies con- 
siderably with temperature, the gages designed for the laboratory 
measure in pressure units instead, i.e., in pounds per square inch. 
In principle they are pressure-weighing scales, since they weigh 
the force the pressure exerts on a piston of known size. They 
are constructed with a single beam mounted on special scale 
ball bearings. On one end of the beam there is a weight pan and 
on the other a dashpot and two sets of contacts for operating 
the motor-driven rider that runs along the top of the beam. 
The force from the pressure piston is applied to the beam through 
another set of pivot bearings. This piston is ground and lapped 
and operates in a cylinder of the same construction, which is 
rotated by a small induction motor. The pressure is brought to 
the cylinder through another lapped fit at the opposite end. 

Ten weights, each equivalent to 50 lb per sq in., are provided 
for the weight pan. Each one is carried in an individual frame 
and can be lowered onto or removed from the weight pan by a 
small lever on the front of the gage case. A small Bourdon gage 
of the conventional type serves to indicate the proper number 
of weights to apply to bring it within the self-balancing range of 
the rider. An extra weight is provided which normally rests on 
the pan. When this is lifted, the gage measures pressures from 
a hypothetical level 50 Ib per sq in. below atmospheric pressure. 
To prevent air from being drawn into the system when reading 
negative pressures, a small oil reservoir is provided around the 
piston where it emerges from the cylinder. 

The motor drive for the rider is mounted on the case instead 
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of the beam. The rider itself is moved by a fine wire stretched 
along its length and located exactly in line with the pivot center 
of the beam. Thus, a force along the wire produces no torque 
on the beam and does not affect the balance. Clamped to the 
center of this wire is a split nut which runs on a precision screw, 
also mounted in preloaded bearings. This screw is driven by a 
small reversing induction motor running in oil under the case, 
which is controlled by the beam contacts through vacuum-tube 
relay circuits similar to those used on the upper weighing mecha- 
nism. The revolution counter driven by the screw gives the 
rider reading in hundredths of a pound per square inch. The 
inlet- and outlet-pressure gages are identical in construction 
and can be seen in the upper part of Fig. 21. Two balance 
lights and a cylinder-motor pilot light are seen on the front of 
the case. There are also switches for the manual operation of 
the rider and one which disconnects the contact relays from the 
beam motor and permits their use to control a motor-operated 
valve in case it is desirable to maintain a pressure at a fixed 
value. 

To prevent deterioration of the lapped surfaces, the gages are 
operated with oil. Each one has a large oil reservoir directly 


Fig. 22 Swine Spout anD DISTRIBUTING CHUTE ON THE CALIBRAT- 
ING TANKS 


beneath it as shown in Fig. 21. Any possibility of grit entering 
the cylinder is prevented by a fine-mesh strainer located in the 
turret on top of the reservoir. The reservoir is horizontal to 
permit a large volume change with a small level change in the 
oil, since the reading will be affected by the difference in density 
of the oil and water and the change in level. At the time of 
construction there was no precise knowledge of the rate of 
leakage of oil through the gage. Experience has now shown that 
the reservoirs have capacity for several years’ operation per 
filling. 

The primary calibration of the gages was simply the measure- 
ment of the piston and cylinder diameters and the lengths of 
the lever arms from the beam fulcrum to the piston pivot and to 
the weight-pan pivot, together with the weighing of the rider 
and the weights. This was also true for the primary calibration 
of the upper and lower torque-weighing mechanisms. The 
pressure gages were further checked by comparison with a 
Crosby deadweight gage tester, and an even more sensitive 
check was obtained by connecting them to the line of the lower 
weighing mechanism. The zero-reading balance is made by 
connecting them to an open riser filled with water to the level 
of the top of the gage cylinders. 


Measurement of Rate of Flow, Primary Standard. The primary 
standard for measurement of rate of flow in the laboratory is 
the pair of volumetric calibrating or measuring tanks already 
described. They are used in conjunction with a swing spout 
and distributing chute so constructed that the flow suffers no 
disturbance when it is switched from one tank to the other. 
Fig. 4 shows the circuit employed. 

Fig. 22 shows swing spout and distributing chute, with the 
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Fig. 24 STANDARDIZING PipETres AND MEASURING-TANK PoINT 
GaGES 


swing spout in position to discharge into the large calibrating 
tank. Note the use of the vane elbow at the entrance to the 
swing spout to insure even distribution and insensitivity to the 
position of the spout. 


672 
3 
NS 


The common walls of the two calibrating tanks and the 
storage tank intersect at angles of 120 deg. The distributing 
chute is centered directly over their common intersection, and one 
third of it discharges into each tank. The swing spout is directly 
over the chute, and pivots about its center. It is driven by a 
constant-speed induction motor with integral gear reducer and 
electric brake. Limit switches on the rim of the chute permit 
it to travel only one third of a 
revolution before it is automati- 
cally stopped, i.e., the distance 
switch the flow 
from one tank to another. It 
is operated in either direction at 
will by push-buttons on the ad- 
jacent wall. The spout clears 
the knife-edged chute partitions 
by about 0.25 in., so a very clean 
cutoff is obtained. When the 
center of the spout is directly 
over the partition, a contact is ft 
made which actuates a special 
chronometer. Thus, the exact 
time of filling of a measuring 
tank is recorded. The time of 


necessary to 


Fig. 25 Cross SECTION OF THE STANDARDIZING PIPETTE 


passage across the partition is about 0.16 sec. Runs of less than 
1 min are not taken. Therefore, inaccuracies due to dissimi- 
larity of flow conditions in the spout when entering and leaving 
the tank must be of very small order. 

Chronometer. The special chronometer shown in Fig. 23 is 
used with these tanks. It is simply a revolution counter driven 
by a synchronous motor which is operated from the standard- 
frequency system. In use, the motor runs continuously but the 
counter is started and stopped by a pair of powerful magnetic 
clutches operated through surge circuits by the swing-spout 
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contacts. The inertia of the counter mechanism is so low in 
comparison to the power of the clutches that the readings ob- 
tained are accurate to the nearest 0.001 sec. 

Point Gages. The changes in level in the calibrating tanks are 
measured by point gages permanently mounted in each tank. 
These consist of a standard stainless-steel tape carrying a rela- 
tively heavy brass plummet which has a small platinum point 
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protected by a bakelite ring. The tape is connected to the un- 
grounded side of the alternating-current lighting circuit through 
a neon glow lamp. As the point touches the water surface, the 
lamp lights, thus furnishing a sensitive method of locating the 
surface. The tape is read with a vernier, the smallest division 
of which is 0.001 ft. No difficulty is encountered in repeatedly 
duplicating readings to this precision. The installation is 
shown on the right in Fig. 24. The unused tape is wound on the 
reel seen on the side of the column. This is fastened with friction 
disks to the slow-motion shaft of a small commercial speed 
reducer. The knob seen in front is on the high-speed shaft and 
furnishes a micrometric slow motion for the tape. 

Standardizing Pipettes. To standardize the measuring tanks 
a pair of pipettes were constructed. They are shown on the left 
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in Fig. 24. Fig. 25 is a sectional elevation of one of the pipettes 
and shows the method of operation. The valves D and B are 
first closed. The pipette is then filled by admitting water 
through A into the filling ring, where it overflows crest C and 
enters the pipette body. When it is full, a slight additional 
rise causes water to run out of the overflow pipe. At this signal 
the operator closes valve A, opens B and drains the ring, thus 
leaving the pipette exactly full. Valve D is now opened and the 
pipette discharged into the measuring tank. A standard draining 
time of 5 min is allowed, after which the process is repeated and 
the next calibrating point secured. Since the small pipette holds 
about 3 cu ft, and the large one 10 cu ft, while the tanks hold 
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300 and 1000 cu ft, respectively, it is possible to secure 100 points 
on each tank-calibrating curve. The pipettes themselves were 
standardized by weighing them both full and after a standard 
drain while they were suspended from one of the wind-tunnel 
balances. This balance was checked against standard weights 
and has a sensitivity of about a hundredth of a pound. A density 
determination of the water used was made at the temperature of 
the calibration. 

Venturi Meters. Although always available for use, the measur- 
ing tanks require too much time to be convenient for normal 
testing. Therefore, a bank of four venturi tubes is provided 
as a secondary means of measuring rates of flow. These are 
graded in size so that each covers a range of only three to one, 
thus insuring a minimum of 3 in. of mercury differential pressure 
on the lowest rates permissible with each meter. Each meter 
is symmetrical and is provided with three piezometer rings, one 
on each end and one at the throat. Therefore, it is possible 
to measure flow in either direction by the proper selection of 
pressure connections. Fig. 26 shows a cross section of a typical 
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tube and Fig. 27 shows the tubes installed. It will be seen in 
Fig. 26 that the piezometer opening is an annular slot. Its 
width is one tenth of its depth. This corresponds to accepted 
aerodynamic practice for accurate pressure measurements. 
Stuffing-box fittings are shown on the larger pipe just ahead of 
the venturi tubes in Fig. 27. These are for making velocity tra- 
verses with direction-finding tubes, which are being carried on in 
connection with a study of the tube coefficients. 

Venturi Differential Manometer. The differential pressure from 
the venturi tubes varies from 3 to 30 in. of mercury. This is 
measured by the weighing-type differential mercury manometer 
shown in Fig. 28. Advantage was taken of the design developed 
for the pressure gage by using the mechanism in its entirety to 
weigh the low-pressure leg of the differential manometer. The 
piston and cylinder were omitted, the fulcrum point interchanged 
with the piston pivot point, and the manometer tube was sus- 
pended from the previous location of the fulerum. The suspended 


1.020 


| 
010 
‘ | 
» 
> 1,000} 
| 
0.990 } 
5x04 10x104 15 20x10* 25x104 30x104 


Reynolds Number 
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manometer tube is connected to the other leg by a horizontal 
loop of thin-walled tubing about 3 ft long. On the beam, the 
contacts have a total clearance of about 0.003 in., and the manome- 
ter suspension point has about one tenth their lever arm, thus 
giving it a motion during weighing of about 0.0003 in. The 
force required to deflect the connecting tubes this minute amount 
has been found to be negligible. The manometer proper is con- 
structed entirely of stainless steel. The sensitivity of the system 
is about 0.0006 in. of mercury. 

Sediment Pots. Interposed between the venturi tube and the 
differential manometer are two sediment pots, one for each leg. 
They serve as headers as well, for all four throat connections come 
to one, and all eight end connections come to the other. Each 
line is provided with a ground cock, so that by proper selection 
any meter can be connected to the manometer to measure flow 
in either direction. These sediment pots are shown on the right- 
hand side of Fig. 28. It will be seen that they are in two parts, 
connected with a flange joint. The lower flange also serves to 
support a separating plate, on the bottom side of which are 12 
short tubes, about 1.25 in. diameter, brazed to corresponding 
holes in the plate. Fastened over each tube and suspended from 
it is a very thin rubber bag. Upon assembly, the bags in the 
throat pot are collapsed with the lower half full of water, while 
those in the end-connection pot are nearly filled to capacity, 
although care is taken to insure that there is no distention of the 
rubber. The upper halves of the pots are then put in place and 
the manometer side of the system filled with distilled, deaerated 
water. Thus, the manometer operates in a closed system with 
no chance for dirt to enter it and collect in the mercury surfaces. 
However, since the combined volume of the rubber bags in each 
pot is considerably greater than the total volume of mercury 
displaced, no pressure difference can exist across the seal. 


4. | 
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Venturi Calibration. Each venturi tube is calibrated by the 
measuring tanks in the manner described previously. Since it 
is possible for the water temperature in the laboratory to vary 
considerably under different testing conditions, the meter coef- 
ficients are plotted against Reynolds numbers instead of rate 
of flow. One of the typical calibration curves is shown in Fig. 
29. The meter calibration is very constant, as shown by calibra- 
tion runs taken at various times during the work. ‘This is not 
surprising, since the meters are constructed entirely of bronze, 
and the approach lines are galvanized. 

Operators’ Table. From the foregoing description it is evident 
that the heart of the laboratory is the operator’s table. Two 
views of this are seen in Figs. 30 and 31. The former shows the 
relative location of the different measuring instruments and con- 
trols. The latter shows the convenience of the operator’s position 
with reference to such equipment as the main control board, 
the standard-frequency cabinet, and the thyratron installation. 

It has been seen that the dynamometer, the pressure gages, and 


the venturi manometer are all self-balancing, and are operated 


Fic. 30 Tor View or OpEeRATOR’s TABLE 


by small motors. In order to secure simultaneous readings and 
to speed up the work, all of these balancing motors operate from 
a common circuit, the control switch of which is placed in a 
location convenient to the operator’s hand. When making a run, 
he therefore simply watches the pilot lights from these instru- 
ments and when they all indicate a balance he opens this master 
switch and stops all of the balance motors. He then makes his 
adjustments for the next desired condition, and, while the new 
flow is coming to equilibrium, he records the previous measure- 
ments, as read on the various revolution counters. This accom- 
plished, the switch is again closed, and in a few seconds all of 
the instruments are again indicating a balance. During all this 
time the speed-control system has been holding the dynamometer 
speed absolutely constant. 

Overall Accuracy of Measurements. Table 1 gives a summary 
of the accuracy of measurements for the different principal 
readings. It shows that even when all of the available sensitivity 
is not employed each principal quantity is measured with an 
accuracy of better than 0.1 per cent, the goal originally set. 
The laboratory personnel feel, however, that for normal work a 
combined figure of accuracy of 0.1 per cent is about what is 
justified, because of minor instabilities in the flow itself which 
tend to lessen the precision. On the other hand, on several oc- 
casions the staff has tried to blame unexpected apparent irregu- 
larities of performance of individual test machines on the testing 
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FABLE 1 ACCURACY OF PRINCIPAL LABORATORY READINGS 
-——Sensitivity——~ Smallest normal reading 
Per cent Per cent 
of average of average 
Reading tange Maximum reading Reading reading 
Speed 1000 to 5000 1 0.033 rpma 0.033 
rpm 
Torque 0 to 1200 0.01 ft-lb 0.0025 0.1 ft-lb 0.025 
ft-lb 
Pressure —15to550lb 0.007 0.1lb per 0.067 
per sq in. sq in sq in. 
Rate of flow 3 to 30 in. 0.0006 in. 0.002 0.006 in. 0.02 
Hg Hg Hg 
* Fluctuation about mean value —not deviation from reading. 


Fie. 31 


Rear View OF OPERATOR'S TABLE 


equipment, but in each case rigorous investigation has absolved 
the instruments from suspicion of error and has proved that the 
irregular performance was actually a fixed and duplicable char- 
acteristic of the machine in question. Therefore, they are now 
firm in their conviction that the claim of 0.1 per cent accuracy 
is amply justified. 

Necessary Modifications to Calculation Technique. To take 
advantage of the experimental accuracy available, certain 
modifications of the usual calculating methods have been found 
to be necessary. On the other hand, a great time and labor saving 
has been achieved by the elimination of the necessity of correcting 
the other readings for speed variations. 

The fundamental units which measure the performance of any 
hydraulic machine are the head in feet of the fluid flowing and 
rate of flow in cubic feet per second of the fluid flowing. These 
are the units employed by the laboratory and the readings taken 
must be reduced to these terms. 

The pressure gages measure the head in pounds per square inch. 
These readings are readily converted to head of actual fluid by 
the use of a conversion factor read from a chart on which is 
plotted its variation with temperature. However, since the 
piezometer rings are several pipe diameters away from the 
machine, and since the velocities may be as high as 40 fps, it is 
necessary to make a correction for pipe friction. The friction 
coefficient used is that for normal flow, and any additional friction 
existing due to nonuniform velocity distribution is charged against 
the machine. 

The procedure for the rate-of-flow measurements is somewhat 
more complex. The reading of the differential manometer 
actually is a weight of mercury instead of a height. This helps 
to eliminate a correction for mercury temperature. By means 
of a factor from another chart, this reading is converted into 
feet of water at the temperature of the testing circuit. From 
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this figure and the temperature, the Reynolds number of the 
venturi tube in use is graphically determined. Reference to the 
curve of meter coefficient vs. Reynolds’ number gives the correct 
meter coefficient, and from this and the corrected differential 
reading the rate of flow is calculated. 

The values of torque are correct as read. However, in order 
to make all the laboratory results comparable, water horsepowers 
are calculated from the head and rate-of-flow figures by the use 
of the density of water at standard temperature, that is, 68 F. 
Therefore, in calculating dynamometer horsepower, it is necessary 
to reduce the torque figure to the same basis by multiplying it 
by the ratio of the standard water density to the actual density. 
The overall efficiency calculations are not affected by this re- 
duction. 

Review of Laboratory Facilities. It has been stated that an 
attempt was made to secure the maximum versatility of labora- 
tory equipment compatible with the known objective. Up to 
the present time the laboratory has used this equipment only in 
the study of the problems arising in connection with the design 
of pumping plants for the Colorado River aqueduct. However, 
it is obvious that its possibilities of application extend into much 
wider fields. There are some obvious limitations. High rates 
of flow at low heads offer difficulties because the line velocities 
have been kept rather high with correspondingly appreciable 
friction losses. The dynamometer is essentially a high-speed 


machine, and below about 2400 rpm the maximum power available 
decreases directly with speed. Although the gearbox can be 
set to control any speed below its theoretical maximum of 5555 
rpm, it is not feasible to use it below about 1000 rpm because 
of the increasing load on the gear teeth at the lower rates. Only 
machines that can operate with horizontal shafts have been 
provided for, and of course work with open conduits belongs 


in the hydraulic-structures laboratory rather than in the labora- 
tory herein described. The following classes of problems, how- 
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ever, are within the scope of the equipment, and represent the 
fields of investigation in which the laboratory will be employed 
after the completion of its original objectives: 

(a) Pumps or turbines up to 12 cfs maximum capacity, 
700 ft maximum head, 5000 rpm maximum speed, and 400 hp 
maximum power. 

(b) Explorations of internal-flow conditions in hydraulic 
machinery. 

(c) Valves, conduits, or fittings investigations at high 
velocities. 

(d) Similar investigations involving noncorrosive liquids 
other than water, since system is closed and isolated. 

(e) In general, problems requiring flows at high Reynolds, 
numbers and precision of measurements. 
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By W. S. PARDOE,! 


The author presents the results of a series of tests con- 
ducted to determine the effect of the location of a venturi 
meter on its coefficient of discharge. These results are 
shown graphically together with sketches of the type of 
installations and venturi meters for which the coefficients 
were determined. The author shows mathematically 
and experimentally that for normal turbulence and shoot- 
ing flow the coefficients are the same for low-ratio meters, 
but that for high-ratio meters the coefficient increases 
from that for shooting flow to the normal value in about 
20 diameters of mixing lengths. 


venturi-meters of the Herschel type made by the Simplex 

Valve and Meter Company, Philadelphia, Pa. One of 
these was a cast-iron, heavy-pressure 11.956 < 8.2285-in. meter 
with a ratio of 0.688. The second was a 125-lb bronze standard 
8.060 < 3.3759-in. meter with a ratio of 0.419. The third 
was a cast-steel, heavy-pressure 7.810 X 5.0046-in. meter with a 
ratio of 0.640. All three meters have a 10'/,-deg upstream half 
angle and 6'/.-deg downstream half angle. 

The tests were conducted at the hydraulic laboratory of the 
civil engineering department of the University of Pennsylvania 
which is shown schematically in Fig. 1. It is composed of a pump- 
ing sump of 30,000-gal capacity; five centrifugal pumps with a 
total capacity of 12 cfs; a system of 8 to 12-in. cast-iron pipes; 
a pressure tank 40 ft high, 5 ft 6 in. in diameter, with 6-in. and 
24-in. nozzles and two 16-in. overflows located 10 ft and 22!/; 
ft, respectively, above the 6-in. nozzle; a 12-in. stundpipe in 
parallel with the pressure tank with overflows at 2'/.-ft and 5-ft 
intervals to a point 50 ft above the 6-in. nozzle for the purpose 
of taking the excess water pumped above that used, thus main- 
taining a constant head on any piece of apparatus in the labora- 
tory; a set of 8-in. and 12-in. wrought-iron pipe lines in which 
were placed the venturi meters being tested and at the ends of 
which were placed control valves with the discharge ends cut off 
to prevent short-tube action; and two 16,000-lb weighing tanks 
with a capacity of 10 cfs. The scales used with the weighing 
tanks are sensitive to 1 lb and the beam moves throughout its 
range for 5 lb. 


i= figures in this paper show the results of tests on three 
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During the tests, time was taken with two stop watches cali- 
brated in terms of a seconds pendulum. 

Fig. 2 shows the differential gages used in the tests. Heads 
from 40 to 5 ft are measured on a direct-reading mercurial 
differential gage with an inside diameter of */, in. and with a 
vulcanite float on top of the mercury. Heads from 4'/; to 1 ft 
are read on a direct-reading air-differential pot gage the tube of 
which has an inside diameter of #/, in.; a short tube in parallel 
with the pot gives similar menisci. Heads of less than 1 ft are 
measured on a 3-in. air-differential hook gage capable of being 
read to 0.001 ft and of interpolation to 0.0001 ft. The reading 
of the air-differential gage was corrected for the weight of the 
air by using the equation 


h = yll — (w’/w)] 


where h = venturi head, ft; y = gage reading, ft; w’ = weight 
of air at main pressure, lb per cu ft; and w = weight of water, 
lb per cu ft. 
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Fig. 4 is a summary of Figs. 5 to 14, inclusive, and shows results 
of three meters placed in various types of flow from normal tur- 
bulence to shooting flow. Results of normal-turbulence condi- 
tions are shown in Figs. 5, 9, and 12, while results of shooting- 
flow conditions are shown in Figs. 8,11,and 14. Velocity trav- 
erses taken with a plain pitot tube are shown for the 8-in. 
meters. These curves show that the coefficient for normal 
turbulence and shooting flow are the same for the low-ratio 
meters, but that for the high-ratio meters it increases from that 
for shooting flow to the normal value in about 20 diameters of 
mixing length. This can be shown mathematically as follows. 

The ordinary expression for the venturi meter may be written 


If the frictional term k(V.?/2g) be included in Bernoulli’s 
theorem and a factor @ be used to allow for the excess of kinetic 
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power in the main over the kinetic power computed from the mean 
velocity V; the equation becomes 


da = 2wrydy 


Therefore, the kinetic power, hereafter denoted as K, can be 


1 expressed as 
V1 — a(d;/di)* + k 1 —. | w 
Equating Equations [1] and [3] it is seen that E r 8] 


w 
4 4 (r y ) dy 29 


2 r 4 r? 29 


4 5” 


Ellipse 


The kinetic power for the average velocity is as follows as 
the mean velocity can be expressed by the equation 


Fie. 2. DirrerRENTIAL GAGES from which 


To compute the value of a, assume that the velocity traverse ais alae 5 Vv ; 29 (11) 
is an ellipse, as shown in Fig. 3, with a wall velocity equal to a OO ae 
one half the central velocity. The equation of the ellipse is 


and 

2 2 

ab a = 0.6125 = 1.0584.......... [12] 
where 

ae ae If all corrections be made to Bernoulli’s theorem and assuming 
— y? shooting flow at the throat 

With reference to Fig. 3 P; + 1.0584 = + P, +3 + k 


Kinetic power errr [6] V1 — 1.0584 (d2/d;)* + k 
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also 
— P2) [15] 
Therefore 
1 — 
and 


d; \* 
k= =e — 1.0584 | [17] 


The coefficient for shooting flow C, may be written 


1 — (d2/d,)* +k 


1 — (&/d,)* 
1 — + 


{1 — 1.0584(d2/d,)4} 


since a = 1.0. 


The foregoing theory was checked on the three meters, the 
coefficients of which are shown in Figs. 5 and 8, Figs. 9 and 11, 
and Figs. 12 and 14, and accurate results given in Table 1 were 
obtained. 


TABLE 1 COMPARISON OF CALCULATED AND OBSERVED 
VENTURI-METER COEFFICIENTS 


Coefficients 


Size of Experimental Computed 
meter, in. Cc Cs Ce 
11.956 X 8.2285 0.982 0.975 0.974 
8.060 X 3.3759 0.990 0.990 0.989 
7.810 X 5.0046 0.987 0.982 0.981 


In each case the computed value was 0.1 per cent below the 
experimental value. This may be the result of the assumption 


of a low traverse coefficient or pipe factor of 0.833. 
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The theory and results emphasize the fact that a high traverse 
coefficient or pipe factor produces a low coefficient, and a low 
pipe factor a high coefficient. 

Fig. 15 is a summary of Figs. 9, 12, and 16 to 22, inclusive, in * 
which the high- and low-ratio 8-in. meters were placed at varying 
distances below the 6-in. nozzle and 6 to 8-in. flanged fitting. 
This simulates the conditions of a centrifugal pump, which is 
discharging the water without a whirl. The low-ratio meter 
attains its normal coefficient of 0.99 in two diameters. The 
high-ratio meter requiresefour diameters to reach its normal 
coefficient of 0.987. These approach conditions produce a low 


pipe factor and high coefficient. 


Figt 23 is a summary of Figs. 24 to 30, inclusive, in which the 
high-ratio and low-ratio 8-in. meters were placed at various 
distances from a 90-deg short-radius 8-in. elbow. The high-ratio 
meter required three diameters and the low-ratio meter one diame- 
ter to reach their normal coefficients of 0.987 and 0.990, respec- 
tively. The elbow produces a high velocity at the outside; im- 
mediately following it, a low pipe factor and a high coefficient. 

Fig. 31 is a summary of Figs. 32 to 43, inclusive, in which the 
high- and low-ratio meters are placed at varying distances after 
two 90 deg short-radius elbows in planes at 90 deg to each other. 
This apparently produces a free vortex in the meter and lowers 
the coefficient below normal. Up te z equals four diameters, 
there seems to be the opposing effects of low pipe factor tending to 
raise the coefficient and the free vortex tending to lower it. 
After four diameters the coefficient rose, but it did not reach the 
normal coefficients in any feasible length. Cross straightening 
vanes, two diameters long, were not effective in restoring the 
coefficients to normal. 

Fig. 44 shows the effect on the coefficient of a 2 X 1-in. 
bronze meter of passing the water through it in the form of a free 
vortex. The coefficients for all angles of whirl are lowered. 

Acknowledgments are due to the Simplex Valve and Meter 
Company for supplying the venturi meters, to E. F. Stover, 
Instructor in Civil Engineering, University of Pennsylvania, and 
the following graduate students: L. H. Glassman, H. J. Koch, 
and H. F. Watson, who assisted on some of the tests. 
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A Study of Cutting Fluids Applied 
to the Turning of Monel Metal 


By O. W. BOSTON! anv W. W. GILBERT,? ANN ARBOR, MICH. 


This paper presents the results of an experimental study 
of the application of cutting fluids to the turning of monel 
metal. The manner in which high-speed-steel tools 
wear and fail is discussed. By competitive tests the tool 
life of the large-radius tool is compared with that of a 
straight-edged small-radius tool. The practical advan- 
tages of each are discussed. Cutting-speed tool-life curves 
are obtained and equations developed for the latter tool 
when turning monel metal with deep thin cuts and shal- 
low thick cuts for each of several types of cutting fluids. 
The influence of feed and depth of cut on tool life at vari- 
ous cutting speeds is determined when turning monel 
metal with a sulphurized mineral oil. Finally the three 
components of the cutting force are determined for vari- 
ous combinations of feed and depth of cut when turning 
monel metal with an emulsion. 


ATA dealing with the subject of tool life and cutting forces 
D when turning monel metal with high-speed-steel tools 

have been obtained which show the influence of the type 
of cutting fluid involved. This represents a progress report of 
experiments conducted in the department of metal processing 
at the University of Michigan. 

The monel metal was furnished as three bars, each 7%/j¢ in. 
diameter by 20 in. long. It had been forged and rough-turned 
and was of the regular temper having the following analysis in 
percentages: 0.12 C, 0.005 S, 0.07 Si, 0.81 Mn, 1.16 Fe, 31.21 
Cu, and 66.49 Ni. In transverse test these bars were found to 
have a tensile strength of 95,000 lb per sq in., a yield point of 
78,000 Ib per sq in., a proof stress of 62,500 Ib per sq in., an elonga- 
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tion in 2 in. of 23 per cent; and a reduction in area of 55.5 per 
cent. The Brinell hardness values, using the 3000-kg load, from 
the center to the surface ranged from 207 to 224. This rather 
wide range led to considerable variation in test results. One of 
the bars particularly proved to be quite different from the other 
two in its machinability rating. For this reason tool-life tests 
had to be run at cutting speeds which would give short values of 
tool life in order to conserve material. 

The equipment used in these tests consisted of a heavy-duty 
engine lathe with a 14-in. swing, a 6-ft bed, and a 16-speed geared- 
head drive with a variable-speed direct-current motor provided 
with a 66-point rheostat as described in another paper.? The 
cutting-fluid pump circulated 4.75 gpm. 

The cutting tools consisted of */s-in.-square standard high- 
speed steel tool bits of the following analysis in per cent: 0.77 
C, 0.28 Si, 0.24 Mn, trace S, 0.020 P, 17.64 W, 4.09 Cr, and 1.38 
Va. The bits were selected from the same heat and were handled 
through the hardening furnaces on trays, there being 12 tool bits 
to each tray load. They were preheated to 1620 F for 15 min, 
then transferred to a high-temperature furnace of a semimuffle 
type at 2360 F for 3 min. The atmosphere in the high-tempera- 
ture furnace contained approximately 1.5 per cent carbon monox- 
ide with no oxygen present. Following an oil quench, the bits 
were drawn in a Homo electric furnace at 1060 F for 1.5 hr. 

The tools were machine-ground first on a 46-grit B bond vitri- 
fied wheel, and then finish-ground on a No. 38100GS Norton 
Company wheel. This produced a surface finish much superior 
to that of the ordinary lathe tool. The radius of each tool was 
ground on a specially constructed machine to conform to the 
contour of a special cam. The tools used in these tests were 
ground to the shape of 8-22-6-6-6-15-?/.,R, that is, an 8-deg back 
rake angle, a 22-deg side rake angle, a 6-deg side clearance angle, 
a 6-deg end clearance angle, a 6-deg end cutting-edge angle, a 
15-deg side cutting-edge angle, and a */-in. nose radius. Froma 
group of tools so prepared a number was selected for uniformity 
by Rockwell hardness tests so that they were within the Rock- 
well C scale of 65 to 67. Frequently some of these selected tools 
would produce tool-life values consistently high or low and were, 
therefore, discarded. 

In running the tool-life tests on monel metal with high-speed- 
steel tools it was first necessary to determine the type of tool 
failure and the exact time of its occurrence. Two views of a tool 
after having failed are shown in Fig. 1. The upper view shows 
the face of the tool in which the crater has been worn. The land 
supporting the built-up edge is seen just back of the cutting 
edge. Grinding marks on the land are seen to be continuous 
with those on the face of the other side of the crater, indicating a 
more or less permanent main portion of the built-up edge. The 
lower illustration shows the flank of the tool below the active 
cutting edge. The small narrow ridge is a portion of the flank 
which has been abraded. The V-shaped notch at the tool point 
shows how the flank below the nose is abraded when the tool 
fails. It is seen that the tool wears progressively by cupping 
on the face and abrading on the flank. The deep abrasion 


3 ‘*The Influence of Cutting Fluids on Tool Life in Turning Steel,” 
by O. W. Boston, W. W. Gilbert, and C. E. Kraus, Trans. A.S.M.E., 
vol. 58, July, 1936, paper RP-58-11, p. 371. 
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below the nose is caused quite suddenly at the instant of 
tool breakdown. The instant that this occurs is manifested 
by a change in the machine finish on the work. The subsequent 
finish is slightly rougher and the work is slightly oversized in 
diameter. Cutting will continue with apparent satisfaction, 


Fic. 1 Types or Toot Fatture Arrer Cutting Monet METAL 


(The face and flank of a high-speed-steel tool which has failed by cupping in 

turning monel metal. Depth of cut = 0.100 in., feed = 0.0127 in. per revo- 

lution, width of land supporting built-up edge = 0.0044 in., the width of 

crater from the land = 0.05 in. . and the width of the land worn on flank = 
0.004 in.) X12 


however, for some appreciable time after this point of break- 
down is reached. 

As a newly ground tool starts to cut, the chip is removed in a 
long rather straight ribbon. As cupping progresses the chips be- 
come coiled helically. These helixes are also continuous and 
change only in diameter as the tool wear progresses. The under 
side of the chip appears to be highly burnished, indicating the 
presence of a very small built-up edge. The machined surface 
also appears to be highly burnished and lacks the customary 
torn appearance present when turning steel. 


INFLUENCE OF TooL SHAPE 


The authors have used a tool shape A shown in Fig. 2 in many 
of their investigations in turning steel. For the sake of compari- 
son it was desirable to continue the use of this tool in the experi- 
mental work on monel metal. The manufacturers of monel 
metal recommend several shapes of tools, one of which closely 
approximates that described previously. Their tool is shown as 
tool B in Fig. 2. Tool B differs from tool A in that it has a 15- 
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deg instead of a 22-deg side rake angle, a '/s-in. instead of a */q-in. 
nose radius, and a 10-deg instead of a 6-deg end clearance angle. 
Tool-life tests turning dry were run with the two tool shapes for 
two sizes of cut as shown in Fig. 2. For the 0.100-in. deep cut 
and 0.0127-in. feed practically identical values were obtained. 
Tool B has, if anything, a slight preference for this size of cut. 
For the shallow thick cut of 0.050 in. depth and 0.0255 in. feed, 


TOOL A 
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(High-speed-steel tools 8-22-6-6-6-15-%/«R turning monel metal using five 
types of cutting fluids for each of two sizes of cut. Em. D is an emulsion 
of an acid-sludge soluble oil; Em. Z is a transparent emulsion; Em. F is 4 
milky emulsion of a soap-base soluble oil; and S.M. 10 isa sulphurised min- 
eral oil. The figures 1:15 and 1:50 r egoguens 1 part oil to 15 and 50 parts of 
water, respectively. The letters d and f represent depth of cut and feed, re- 

spectively.) 


tool B is superior to tool A for values of tool life less than 120 
min. Because of the greater steepness of the tool-B curve, how- 
ever, it becomes inferior to tool A for values of tool life above 120 
min. It was observed that chips produced by tool B having 8 
larger nose radius and less rake were coiled irregularly into short 
helical spirals of small diameter. For breaking up chips, tool B 
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would be recommended except that the chips were forced back 
against the machined surface, scratching the smooth finish pro- 
duced by the cutting tool. 


INFLUENCE OF CuTTinG FLUIDS 


A series of cutting-speed tool-life curves were obtained in which 
five cutting fluids were used, each with a deep thin cut and a 
shallow thick cut of the same cross-sectional area. The results 
are shown graphically on log-log coordinates in Fig. 3. The two 
curves at the top show the results for dry cutting. The curve for 
the 0.100 in. depth by 0.0127 in. feed is shown to be well above the 
curve for the 0.050 in. depth by 0.0255 in. feed. The relative 
height of these curves is indicated by the value of the constant 
shown. This constant represents the cutting speed for a tool- 
life value of 1 min. The two curves are practically parallel. 
Their vertical displacement, however, shows that the cutting 
speed for any value of tool life is approximately 33 per cent higher 
for the deep thin chip. 

The curves under the heading of Em. D were obtained when a 
soluble oil of an acid-sludge type was made into an emulsion. 
One mixture of emulsion was made of 1 part soluble oil to 15 
parts of water, and a second was made with 1 part soluble oil to 
50 parts water, to represent rich and lean emulsions, respectively. 
Cutting-speed tool-life curves were obtained for each of these 
emulsions for each of two sizes of cuts. The curves under Em. D 
show that the richer emulsion gave slightly higher cutting speeds 
for any tool life. The curves also show that the cutting-speed 
values for a given tool life will be approximately 28 per cent 
higher for the deep thin cut. 

The Em. E curves also show that the values of cutting speed for 
any tool life are higher for the richer mixtures of emulsion and also 
that those values for the deep thin cuts are well above those for 
the shallow thick cuts. The 1-to-15 emulsion of soluble oil F 
materially increases the cutting-speed values for any tool life over 
those of the lean mixture for the shallow thick cuts of 0.050 x 
0.0255 in. 

The emulsions of soluble oil F also show the cutting-speed 
curves for the deep thin cuts to be higher than those of the shallow 
thick cuts. The richer emulsion gives cutting speeds for a given 
tool life slightly above those of the leaner mixture for the deep 
thin cut. The cutting-speed curves of the two mixtures for the 
shallow thick cut are practically identical, but cross at a tool- 
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life value of approximately 5 min. For greater values of tool 
life, the cutting speeds are higher for the leaner mixture. Using 
the emulsion Em. F it is seen that the cutting speeds for the deep 
thin cuts are about 28.5 per cent above those of the shallow thick 
cuts. 

The lowest set of curves of Fig. 3 shows values of cutting speed 
for various values of tool life when taking two sizes of cut with a 
sulphurized mineral oil. The cutting-speed values for the deep 
thin cut are about 25 per cent higher than for those of the shallow 
thick cuts. 

All of the curves shown in Fig. 3 appear to be practically paral- 
lel. They have been extended to include a tool life up to 60 min. 
The formula for each curve expressing the relationship between 
the cutting speed and tool life is shown. The exponent of T, 
tool life, varies from 0.074 to 0.080 when cutting dry, from 0.098 
to 0.105 for S.M. 10, from 0.070 to 0.080 for emulsion Em.F, 
and around 0.080 for the emulsion Em. D. 

The curves of Fig. 3 are grouped according to the cutting fluid 
used. These curves are again shown in Fig. 4, but grouped ac- 
cording to the richness of the emulsions for each of the two sizes 
of cut. The maximum increase in cutting speed for a 40-min. 
tool life when using the rich 1-to-15 emulsion on the 0.100-in. 
cut at 0.0127 in. feed is shown to be from 126 to 139 fpm, or 
10.3 per cent. Similarly for the rich emulsion on the 0.050-in. 
cut at 0.0255 in. feed, the increase is from 97 to 119 fpm, or 22.7 
per cent. For the 1-to-50 emulsion in the deep thin cut, the in- 
crease is from 126 to 135 fpm, or 7.2 per cent, and for the 0.050- 
in. cut at 0.0255 in. feed the increase is from 97 to 108 fpm, or 11.3 
per cent. Both sets of curves show that the increase in cutting 
speed caused by the best cutting fluid over dry cutting is less on 
the deep thin cuts than for the shallow thick cuts. 

It was observed that when turning the monel metal dry or with 
the emulsions, the chips were continuous and comparatively 
straight ribbons. The chips curled more as the crater in the tool 
became deeper. The sulphurized mineral oil caused the chips 
to coil closer and break off more frequently. The sulphur, how- 

ever, stained the metal. 


INFLUENCE OF FEED AND Depts or Cut 


A study was made to determine the influence of varying the 
depth, feed, or both when turning monel metal using the sul- 
phurized mineral oil (S.M. 10). 


The same standard high-speed 
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tool of 8-22-6-6-6-15-3/.,4R shape was used. The cutting-speed 
tool-life curves are shown for each of several depths of cut from 
0.025 to 0.150 in. for a constant feed of 0.0127 in. per revolution, 
in the upper half of Fig. 5. This shows the greatest values of tool 
life for the small depth of cut and the lowest values for the greatest 
depth of cut. The equations for the different curves are shown. 
The exponent of 7’, tool life, is shown to remain constant at 0.105 
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in all equations for this light feed. It was found that the rela- 
tion between cutting speed V for a given tool life and the depth of 
cut d for these lines of constant slope may be represented by a 
straight line on log-log paper, the equation of which is Vd-195 = 
K, where K is a constant and equal to 78.6 when 7 = 60 min. 

and f = 0.0127 in. 
The cutting-speed tool-life curves for a heavier feed of 0.025 
in. for each of several depths of cut 


300 PEEO - 0.0127 INCH are shown in the lower half of Fig. 

5. The equation for each curve is 

00 AS shown. The exponent of T for the 
== me two curves for the 0.025-in. and 

= ry VT"8244}— 0.050-in. cut is the same, indicat- 
140 a025 ing the two lines are parallel. 
120 The exponent of T in the curve 
a Moiso —_—s for the 0.100-in. cut is higher, in- 
dicating that the curve has a 
a greater slope than the other two. 
2) 200 FEED-0.0255 INCH It is shown that for a given value 
() 180 of tool life when the feed is 0.0127 
Zz 60 in., by increasing the depth of cut 
VT™jg2 OEPTH from 0.025 in. to 0.150 in., or 500 
120 0.025 _—sper cent, the cutting speed is re- 

100 0.0590 ‘duced only 28.8 per cent. If the 
feed is increased from 0.0127 to 

0 0.100 0.0255 in., or 100 per cent, the 

60 depth remaining constant at 0.025 

08 | is 2 > 4567890 15 20 30 40 50 60 in., the cutting speed is reduced 
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Fig. 5 Currine-Speep Toot-Lire Curves SHOWING THE INFLUENCE OF VARIOUS FEEDS AND 
Deptus Cut WHEN TURNING METAL 
(These curves were obtained when using high-speed-steel tools 8-22-6-6-6-15-*/aR and a cutting fluid of 


sulphurized mineral oil.) 


only 22.4 per cent. Similarly, for 
a constant feed of 0.0127 in., a 100 
per cent increase in the depth of 
cut from 0.025 to 0.050 in. results 
in reducing the cutting speed 14.1 
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per cent. This again shows, as illustrated in Fig. 3, that the 
deeper cuts at light feeds are more economical from a tool-life 
point of view than the skallow cuts with large feeds. 


Forces’ 


Using an all-metal three-component dynamometer, which was 
described in another paper,‘ the tangential, radial, and longitu- 
dinal components of the cutting force were recorded when turning 
monel metal at different depths of cut and feed. Forces were 
determined when cutting the metal dry, and when cutting it with 
the 1-to-15 soap-base emulsion of soluble oil F and with the sul- 
phurized mineral oil S.M. 10. The standard high-speed-steel 
tool ground to the shape of 8-22-6-6-6-15-3/a,R was operated ata 
speed of 100 fpm. With the feed constant at 0.0127 in. per 
revolution, readings were taken at various depths of cut ranging 
from 0.025 in. to 0.150 in. The tangential, radial, and longitu- 
dinal forces for each of the three cutting fluids are shown at the 
left in Fig. 6. All components are highest when cutting dry, 
they are intermediate when cutting with the emulsion, and are 
lowest when cutting with the sulphurized mineral oil. When 
cutting steel it has been found that with everything constant but 
the cutting fluid the lines representing the tangential, radial, 
and longitudinal forces are parallel for various cutting fluids. 
This, however, is not true when turning monel metal. This 
would indicate that the exponent of the depth d in the equation 
for the vertical component would be different for each cutting 
fluid. This equation is usually represented as F = Cf*d’. 

When using a constant depth of 0.1 in. and varying the feed, 
the force values, as represented by the curves on the right in Fig. 
6, were obtained. The curves representing the tangential com- 
ponent of the cutting force are displaced vertically for the differ- 
ent cutting fluids, are not parallel, and are not even straight lines 
as has been found customary for other metals. It was found that 
the longitudinal component particularly increased to a maximum 
as the feed was increased to approximately 0.020 in. per revolu- 
tion, after which it fell off as the feed was increased to 0.036 in. 
per revolution. It was found that the cutting forces were least 
for a newly ground tool. After cutting for a minute or so, the 
force reached a maximum value where it remained constant over 
a considerable portion of the life of the tool. The forees shown 
graphically in Fig. 6 represent these average maximum values. 
It is felt that the curvature in these various curves shown is due 
to the cold-working effect of the monel metal, although the phe- 
nomena of cold working and the form of the built-up edge were 
not studied. 

The tangential force on this tool turning an S.A.E. 3135 an- 
nealed steel dry, as described in another paper,‘ was 340 lb for a 
cut 0.100 in. deep at a feed of 0.0127 in. For monel metal this 
force was 550 Ib, showing an increase of 61.5 per cent. When the 
cut was 0.150 in. deep at a feed of 0.0127 in., the forces were 500 
and 730 lb, respectively, for the steel and monel, showing an in- 
crease of 46 per cent. 


CONCLUSIONS 


As a result of the experiments presented in this report the fol- 
lowing conclusions may be drawn for the machining of forged 
monel metal when being turned with high-speed-steel tools with 
various cutting fluids. 


‘A Study of the Turning of Steel Employing a New-Type Three- 
Component Dynamometer,”” by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 58, January, 1936, paper RP-58-1, p. 47. 
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1 All tools, whether cutting dry, with emulsion, or with a sul- 
phurized mineral oil, seem to fail by cupping on the face and 
abrasion on the flank below the cutting edge. 


2 Tool B shown in Fig. 2, which has a '/s-inch nose radius and 
a 15-deg side rake angle, proved superior in dry turning to tool A, 
which has a smaller nose radius of 3/¢-in. and a 22-deg side rake 
angle, for all values of tool life less than 120 min. For shallow 
thick cuts of 0.050 in. at a feed of 0.0255 in., the straight-edged 
tool A is superior for a tool life of more than 120 min. 

3 A deep thin chip of a given area allowed the higher cutting 
speed for a given tool life for both tool shapes. When cutting 
dry, a deep thin 0.100 < 0.0127-in. cut gave a cutting speed 33 
per cent higher than the shallow thick 0.05 x 0.0225-in. cut, 
which has the same area as the former. With an emulsion and 
with a sulphurized oil, speeds approximately 28 and 25 per cent 
higher, respectively, were obtained for the same tool life when 
using the deep thin cut as compared to those for the shallow thick 
cuts under the same conditions. 

4 The relation between cutting speed V for any definite tool 
life and the depth of cut d when cutting with sulphurized mineral 
oil may be represented, as shown in Fig. 5, by the formula Vd®-1% 
= K, where K is a constant and equal to 78.6 when 7 = 60 min 
and f = 0.0127 in. This again shows that it is more desirable in 
so far as tool life is concerned to use a deep thin cut. By in- 
creasing the depth of cut from 0.025 in. to 0.050 in., that is, 100 
per cent, the cutting speed is reduced only 14 per cent. By 
increasing the feed from 0.0127 in. to 0.0255 in., also 100 per cent, 
the cutting speed is reduced 22.4 per cent. 

5 In most cases a rich emulsion of 1 part of soluble oil to 15 
parts of water produced slightly longer tool life than the thin 
emulsion of 1 part of oil to 50 parts of water. 
Fig. 3. 

6 It appears that an emulsion is entirely satisfactory as a 
cutting fluid for turning monel metal. The chips were broken 
up better when the sulphurized mineral oil was used, but the 
latter oil stained the metal and it is also more expensive and more 
unpleasant to work with. When dry cutting, the chips were 
broken up better by the large-radius tool which, were it not for 
the fact that the chips rubbed against and scratched the ma- 
chined finish, would be superior to the straight-edged tool. 

7 The machined finish did not seem to be influenced by the 
type of cutting fluid used. 

8 The cutting forces on the straight-edged tool, shown as 
A in Fig. 2, are as shown in Fig. 6, highest when cutting dry, in- 
termediate when using an emulsion, and lowest when using a sul- 
phurized mineral oil. However, each cutting fluid produced a 
different value of slope to the tangential-force curves of variable 
feed or variable depth. 

9 It is believed that the tangential cutting force of tool A 
will not differ appreciably from that for tool B. 

10 The tangential force on the straight-edged tool is from 46 
to 62 per cent higher when dry cutting monel metal than when 
dry cutting S.A.E. 3135 annealed steel. 


This is shown in 
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Comparative Torque and Horsepower 
Requirements of Standard Four-Flute 
and Spiral-Flute Taps 


By HARRY L. DAASCH,' AMES, IOWA 


This paper reports certain tapping tests performed as a 
part of a research project of the lowa Engineering Experi- 
ment Station at lowa State College. 

Data are presented on the torque and horsepower re- 
quirements for the use of 1-in., 13-thread, standard- 
flute, and spiral-tip flute taps during the tapping of S.A.E. 
1020 steel. The torque values are shown to vary with 
speed when a constant percentage of thread is produced. 
The torque increased with speed when lard oil was used 
asacutting fluid; the tendency was toward decreased tor- 
que with increased speed when sulphurized oil was used. 
Spiral-tip taps required less torque than straight-flute 
taps at similar cutting conditions. Horsepower require- 
ments were found to be less with sulphurized oil than 
with lard oil at high percentages of thread depths for 
both kinds of taps. Spiral-tip taps could be operated at 
lower horsepower inputs than could the straight-flute 
style when similar cutting conditions exist. 

Another series of tests pertains to the dry tapping of 
cast iron with %-in., 16-thread taps. There was little 
difference in the torque requirements when the two types 
of taps were used. Slightly lower horsepower input 
is shown for the spiral-tip tap. 


beginning of this century with the work of F. W. Taylor. 

In recent years a concerted effort has been made in the 
scientific development of knowledge in the field. It is interesting 
to note that the title of Taylor’s report? was ‘The Art of Cutting 
Metals.” This in itself is suggestive of the fact that any transition 
from “art” to “science” in metal cutting has been within the 
past: three decades. 


! Associate Professor of Mechanical Engineering, Iowa State 
College. Mem. A.S.M.E. Professor Daasch received the degrees 
of B.S., M.E., and M.S. from Iowa State College in 1925, 1930, and 
1933, respectively. He also holds the degree of E.Met. from the 
Colorado School of Mines, received in 1927. Upon his graduation he 
was first associated with the Dodge Manufacturing Corporation, later 
becoming mechanical designer with the Dorr Company, Denver, 
Colo. In 1927 he became a teaching fellow at the Colorado School of 
Mines and the following year instructor at Purdue University. 
After serving as metallurgist with the Hart-Parr Company in Charles 
City, Ia., Professor Daasch joined the faculty of Iowa State 
College as assistant professor of mechanical engineering. For the 
past six years he also served as consultant engineer to various 
firms primarily in connection with problems of design and produc- 
tion. 

2“The Art of Cutting Metals,”” F. W. Taylor, Trans. A.S.M.E., 
vol. 28, 1907, p. 31. 

Contributed by the Machine Shop Practice Division and Special 
Research Committee on the Cutting of Metals for presentation at the 
Annual Meeting of THe AMERICAN Society oF MecHaAnicaL EnaI- 
NEERS, held in New York, N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 11, 1937, for publication at a later date. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


“Tee STUDY of metal-cutting dates as far back as the 


Investigations at Iowa State College have been concerned with 
the production of threads, and a recent publication’ has reported 
torque requirements in the tapping of a low-carbon steel, a gray 
cast iron, and a cold-rolled brass. The maximum tapping torque 
when standard taps are used was shown to be dependent upon 
the combination of metal cut, percentage of thread depth pro- 
duced, tap speed, and cutting fluid. 

The present paper is a report of a series of tests in tapping of 
gray cast iron and steel with standard straight-flute and special 
spiral-tip-flute taps. Tapping torque and horsepower require- 
ments are shown for various thread percentages, tap speeds, 
and cutting fluids. 


MATERIALS AND EQUIPMENT 


Taps. Commercial taps were used in these tests. Two 
styles were used, the regular four-flute straight types and a 
modified design in which the ends of the flutes were spiral instead 
of straight. The spiral-flute section is intended to force the chips 
ahead of the tap. Several modifications of this type are offered 
by tap manufacturers. All taps had ground threads, were made 
of high-speed steel, and were secured from open stock without 
special precautions or specifications. 

Metals Tapped. An S.A.E. 1020 steel and a gray cast iron 
were used. Specifications of these metals are given in Table 1. 
The steel] was purchased in cold-rolled bar lengths */; in. thick. 
The gray cast iron was cast in slabs 14 in. X 14 in. X 1'/, in. 
Test bars °/1. in. thick were slit from the slab, thus producing 
test-bar sections in. X in. X 14 in. The thickness of 
steel test bars was thus equal to the nominal tap diameter, and 
that of the cast-iron bars 1'/,; times the tap diameter. These 
values were adopted in accordance with usual machine-design 
practice. 


TABLE 1 METAL ANALYSES 
S.A.E. Gray 
1020 steel cast iron 
Total carbon, per cent................ 0.20 2.98 
Graphitic carbon, per cent............. waa 2.50 
Combined carbon, per cent............ > 0.48 
Manganese, per cent.................. 0.40 0.42 
Phosphorus, per cent.................. 0.005 0.67 
Brinell hardness no................... 126 159 
TABLE 2 CUTTING-OIL PROPERTIES 
Sulphurized 
Lard oil oil 
Specific gravity at 60 F.................... 0.9088 0.9147 
Flash point (Cleveland open cup) F.......... 430 310 
Fire point (Cleveland open cup) F........... 460 345 
Saponification number..................... 196 1.3 
Free fatty acid, per cent...............00.. 4.74 0.00 
3 Harry L. Daasch and John Hug. Bulletin No. 123. Iowa Engi- 


neering Experiment Station, Iowa State College, Ames, 
November, 1935. 
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Cutting Oils. The two oils used in these tests were an inedible 
lard oil and a sulphurized mineral oil. The usual chemical and 
physical specifications are given in Table 2 


Fic. 1 Tue Test APPARATUS 
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spring compression combined with the indicator drum turn- 
ing in synchronism with tap advance or withdrawal resulted 
in a torque tap-travel indicator card. Typical cards are shown 
in Fig. 2. 


TEsTs AND CALCULATIONS 


Test bars were drilled to within '/:s5 in. of required sizes and 
then accurately redrilled. This procedure was adopted to insure 
greater accuracy and to eliminate any taper in the holes. Hole 
sizes were chosen so as to secure a number of increments of thread 
depths from 30 to 100 per cent. The lard oil and sulphurized oil 
were used as cutting fluids during steel tapping, and the cast iron 
was cut dry. Spindle speeds up to 300 and 500 rpm were used 
in the steel and cast-iron tests respectively. 

There was no fixed order or routine in a given series of tests. 
Random combinations of tap, hole, and tapping speed were 
considered as a satisfactory precaution against the establishment 
of trends due to slight variations in metal characteristics, tap- 
edge conditions, and the like. 

Maximum torque values have been determined from measure- 
ments of indicator-card maximum ordinates. The conversion of 
these measurements into torque was accomplished with suitable 
calibration data. 

The indicator-card areas, which were measured with a pla- 
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Fic. Typrcat Carbs or Tgsts 
(Above: Tapping of S.A.E. 1020 steel. Below: Tapping of gray cast iron.) 


Drill Press and Tapping Head. A belt- 
driven 20-in. Excelsior drill press was used in 


the tests. A range of eight spindle speeds from 
25 to 500 rpm was available through back- 
gear and open belt drives. Power was supplied 
by a 5-hp motor. A Procunier tapping attach- 
ment was used to secure a slight amount of float- 
ing of the head and to provide a means of quick 
withdrawal of the taps from work. 
Dynamometer. The dynamometer, which 
was designed by Prof. John Hug of the me- 
chanical-engineering department at Iowa State 
College, was set up as shown in Fig. 1. Test 
bars were clamped to the turntable which was 
mounted on Radax bearings. A varying force 
acting on the end of the torque arm pre- 
vented rotation of the turntable during the 
tapping processes. The magnitude of the 
force was determined by the compression of an 
ordinary steam-engine indicator spring. A cord 
from the indicator drum was passed over pul- 
leys to the drill-press-spindle rack. The mo- 
tion of the indicator stylus in proportion to 
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MACHINE-SHOP PRACTICE 


nimeter, were made the basis of power calculations. A standard 
card length was established on the basis of test-bar thickness 
plus a length equal to eight times the tap-thread pitch. The 
period of cutting during the tapping process begins with the 
entrance of the tap into the hole and continues until the tap 
projects through the test section for a distance equal to the tap 
chamfer. Although tap chamfers were equal to six and eight 
threads and although hole size affects the actual number of tap 
cutting edges and thus the period of cutting, a standardized 
length of tap travel was deemed expedient. An average value 
of four times the tap pitch was therefore adopted for the periods 
of tap entrance at the top and exit at the bottom. This results 
in the foregoing bar thickness plus eight times tap-pitch cutting 
period. 

Horsepower values were calculated from the card areas (suitably 
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converted into energy units) by means of the formula hp = 
2xN (energy in ft-lb) /33,000, where N is the tap in rpm. 


PRESENTATION OF DaTA 


Numerous data incident to tests of this kind have been pre- 
sented in graphical rather than tabular form. Original data 
pertaining to maximum torque or horsepower were plotted 
against thread-depth percentage; each plotted point represents 
the average of as many as six separate sets of data. 

The original curves of maximum torque and thread depth 
and curves of horsepower and thread depth were used as a basis 
for the construction of a second set of diagrams in which maximum 
torque or horsepower were plotted against revolutions per 
minute of the tap. 

Information on tapping torque, secured in connection with 
the use of standard four-flute taps, has been abstracted from 
Bulletin No. 123.4 Comparative data for the special spiral-flute 
taps, as well as all horsepower information for both styles of 
taps, have been secured by additional series of tests and calcula- 
tions. 

‘Thread-depth percentages are based on actual tap sizes. A 
full thread based on nominal tap dimensions is taken as 100 per cent 
of thread depth. It must be noted that actual tap diameters are 
slightly greater than nominal dimensions. See Bulletin No. 123 
of the Iowa Engineering Experiment Station for discussion of thread- 
depth calculation methods. 
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TORQUE FOR TAPPING OF STEEL 


The maximum torque required during the tapping of S.A.F. 
1020 steel with standard and spiral taps is shown in Figs. 3 and 
4, respectively. The expected increase of torque with increase 
in amount of thread cut is shown. It should be noted that at 
low speeds the torque is higher when sulphurized oil is used than 
when lard oil is the cutting fluid. This difference becomes less 
as the tap speed is increased; and in the case of straight-flute 
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taps the situation is reversed when a speed of 300 rpm is reached 
at that speed, as shown in Fig. 3, sulphurized-oil cutting condi- 
tions require the lesser torque. 

Figs. 5 and 6, which have been derived from Figs. 3 and 4, 
respectively, illustrate the effect of cutting speed on maximum 
torque. The different torque-speed characteristics, outlined in 


Bulletin No. 123° for straight-flute taps used with lard and sul- 
phurized oils, are shown again when the spiral-tip flute is used. 
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Though the purpose of tests outlined here does not include a 
detailed study of all cutting fluids, the differences of the two oils 
are of interest. With a straight-flute tap, maximum torque in- 
creases with speed when lard oil is used during the tapping of 
low-carbon steel. This tendency is more pronounced at high 
percentages of thread. The same trend is shown for spiral-flute 
taps, but to a lesser degree. Furthermore, the entire range of 
torque values is lowered when the spiral-flute tap is used. The 
performance with sulphurized oil is quite different; the tendency, 
at high percentages of thread production, is toward decreasing tor- 
que with increasing tap speed. The general superiority of the 
special-flute tap is evident. 


TorQUE FOR TAPPING OF Cast IRON 


Original torque-thread depth curves for the dry tapping of 
cast iron are not shown here. The derived curves Figs. 7 and 8, 
show changes of torque with speed. There is slight difference in 
the results obtained with the two styles of taps. In both cases 
a small decrease in torque may be expected with an increase of 
tap speed up to 200 rpm. The torque is constant at tap speeds 
of 200 rpm or more when straight-flute tools are used. A tendency 


toward increased torque with increased speed, when high 
percentages of thread are produced, is shown for the spiral-tip 
tap. 


HORSEPOWER FOR TAPPING OF STEEL 


The horsepower requirements for the tapping of S.A.E. 1020 
steel with regular taps and with either lard oil or sulphurized oil 
are illustrated in Figs. 9 and 10. Fig. 9 shows original data plotted 
with horsepower and thread depth as coordinates, and these 
curves have been used in the construction of Fig. 10 where the 
relation of horsepower and revolutions per minute are shown. 

The superiority of lard oil over sulphurized oil is evident at 
low thread percentages. There seems to be a lesser power re- 
quirement with the sulphurized oil at high speeds when more 
than a 70 per cent thread is cut. 

Fig. 11, which applies to spiral-tip taps, may be compared with 
Fig. 10. A materially less power input is necessary for the spiral- 
flute tap. The performance of these special taps at low thread 
percentages is quite the same with both cutting oils. At high 
percentages of thread depth the horsepower is somewhat less 
when sulphurized oil is used. 
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HorSEPOWER FOR TAPPING OF Cast IRON 


The horsepower required during the tapping of a gray cast 
iron with the regular and special taps is given in Figs. 12 and 13. 
In all cases the power varies almost linearly with depth of thréad 
produced and tap speed. The spiral taps require slightly less 
power for a given condition of thread production. 


DiscussIOoNn 


During the process of metal cutting the metal being cut must 
be separated from the parent metal and the chips must pass or 
flow over the tool point. The combination of the tearing, 
deforming, and frictional forees determines the magnitude of 
tool forces measured by this method of studying machinability. 
During a continuous cutting operation there will be relatively 
small variations in the total value of these forces. This applies 
particularly to turning or planing, and many of the studies 
reported have been concerned with this type of machining. The 
cutting tools in turning, planing, shaping, or milling are ground 
to a form quite generally within the control of the operator or 
shop management. 

A more complicated situation may arise in the use of taps. 
The simple processes of cutting and chip formation have added 
to them the discharge of the chips through relatively restricted 
areas. 

When cast iron is tapped, the chips formed are small and well 
broken. The ‘‘as cast” structure, with its dispersed low-strength 
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graphite particles, causes the chip to be formed by a process of 
compressive failure ahead of the cutting point. The friction due 
to the passage of the well-broken chip through the tap flute is at 
aminimum. No exceedingly heavy pressures are involved. The 
graphite of the cast iron may itself act to reduce friction. 

The cutting of the low-carbon steel presents an entirely differ- 
ent problem. Long stringy chips are produced; and during the 
process of curling out through the tap flute, the chips often “ball” 
and clog in the flute. The mechanism of cutting is a process of 
tearing the metal being cut from the parent metal and at some 
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distance ahead of the tool point. Material of higher strength 
obviously demands greater tool force. Greater friction may be 
expected as the chip passes over the tool point and curls out 
through the tap flute. 

The test results presented here show the relationship of these 
facts. The advantage of the spiral flute in the elimination of 
steel chips is quite evident, as is the fact that chip removal 
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through the flutes is an item of no great importance when cast 
iron is tapped. 

The maximum torque will be somewhat higher than the average 
torque during the tapping process. Although the energy ex- 
pended during tapping is proportional to this average torque, 
it is usually true that an increase in the maximum torque is 
accompanied by an increase in average torque and power. The 
relationships between maximum torque, power, and tap life 
have not been fully investigated. Continuation of the studies 
along these lines is contemplated. 


CONCLUSIONS 


Specifie conclusions which may be drawn from the test results 
reported are: 

1 Maximum tapping torque and horsepower are dependent 
upon the type of tap flute as well as upon metal cut, tap speed, 
depth of thread produced, and cutting fluid used. 

2 A tap with a special spiral-flute tip which drives the chip 
ahead of the tap will generally require a lower torque than a 
standard straight-flute tap when steel is being tapped. 

3 An exception to the foregoing is noted when 90 per cent 
or more thread depth is produced in a low-carbon steel with sul- 
phurized oil as the cutting fluid. 

4 An increase in tapping forque with increase in tap speed 
may be expected with both standard and spiral-tip types of taps 
when S.A.E. 1020 steel is machined if lard oil is used as the cut- 
ting fluid. 
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5 The foregoing increase is more pronounced in the case of 
straight-flute taps and when high percentages of thread are pro- 
duced with either style of tap. 

6 A decrease of tapping torque with increase of tap speed 
may be expected in the production of high percentages of thread 
in low-carbon steel with sulphurized oil as the cutting fluid with 
both regular and spiral-tip taps. 

7 Spiral-flute taps offer a slight advantage from the stand- 
point of torque when gray iron is cut. 

8 Tapping horsepower increases with increases in thread 
depth cut and tap speed. 

9 A lower horsepower input may be expected in the tapping 
of high percentages of thread in a low-carbon steel if sul- 


Fie. 12. RevatTion Between Horsepower, 
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Fic. 13. BETWEEN HorsSEPOWER, 
Deptu oF THREAD AND TAP SPEED, °/s-IN., 16- 
THREAD, Sprrat-Tip-FLutTe Tap, Cast Iron 
9/46 IN. Tutcxk, Dry 


phurized “oil rather than lard oil is used as the cutting fluid. 

10 The spiral-tip tap requires a lower power than a straight- 
flute tap when used under similar conditions during the tapping 
of low-carbon steel and cast iron. 
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Coal Washing and the Baum Jig 


By GEORGE L. ARMS,! COLUMBUS, OHIO 


The author discusses the problems encountered during 
the preparation of coal by jigs and relates the advances 
made in this type of apparatus to meet growing demands 
for increased capacity and greater efficiency. He de- 
scribes the development of the Baum jig since its introduc- 
tion in the United States and discusses the operating 
principles and construction details of the latest design. 


HE art of concentration, or separating a granular material 

into fractions corresponding to a variation in specific 

gravity, is almost as old as mining itself. A wide variety 
of apparatus has been employed, ranging from the crude pros- 
pector’s pan to elaborate and costly processing plants employing 
tables, jigs, launders, classifiers, and a wealth of accessory appara- 
tus. Processes for each different branch of the mining industry 
have developed along lines best suited to that particular industry, 
and while there has been some interchange of practice and ap- 
paratus, broadly speaking each branch has developed its own 
machinery. 

In the coal-mining industry, the problem of coal preparation 
is a difficult one because of the large quantities of material to be 
handled and the narrow zone in which the specifie-gravity separa- 
tion must be restricted. It is not possible to predicate coal- 
treatment plants solely on the processing requirements, because 
of the low unit value of the product after processing. In order 
to preserve a stable economic setup, the cost of such plants must 
be kept within limits which will permit amortization. This has 
resulted in what might be termed “commercial compromises” in 
the orthodox coal-preparation plant. The industry must de- 
velop concentrating apparatus capable of treating the compara- 
tively larger quantities of material peculiar to the coal industry, 
at higher efficiencies than before, and at the same time keep costs 
of completed plants within economic limits. 

Some measure of the problem confronting the builders of coal- 
washing plants may be found in a survey of the specific-gravity 
distribution of the material which constitutes the jig feed. For 
most practical purposes, the portion of the feed which will float 
on a liquid with a specific gravity of 1.35 may be considered as 
pure coal. Likewise, that portion which will sink in a liquid 
with a specific gravity of 1.60 may be considered as pure waste, 
since it usually has no fuel value whatever. In the narrow zone 
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between 1.35 and 1.60 specific gravity there are always varying 
amounts of a middlings material, and it is within this zone that 
the separation must be made. Specifications for the finished 
product are being drawn more closely all the time, and it is not 
uncommon for the builder of a coal-washing plant to be asked to 
guarantee that the proposed plant will produce washed coal con- 
taining less than 1 per cent sink at the washing gravity, and at 
the same time produce a waste product containing not more than 
3 or 4 per cent of float at the same gravity. The exact point 
within the middlings zone at which separation is to be made is 
dictated by a study of the coal itself and the market to which it 
is to be applied, and the relative difficulty of the washing prob- 
lem is a function of the amount of material which lies at or very 
near to, the indicated washing gravity. 

The demand for this kind of performance, coupled with the 
necessity for handling capacities running into hundreds of tons 
per hour, and the economic bar against any extensive reprocess- 
ing, has resulted in the design of a multitude of types of coal- 
washing apparatus. 

Perhaps the earliest type of cleaning plant employed what is 
known as the trough washer, the forerunner of the present day 
launder or current washer. Other types followed at intervals, 
and gradually there evolved four major types of apparatus em- 
ploying water for the cleaning of coal. These are: (1) The 
launder or current washer, (2) concentrating tables, (3) upward- 
current classifiers, and (4) jigs. The first three types have had 
wide application and have been the basis for extensive develop- 
ment work. Many excellent plants both in the United States 
and abroad make use of one or more of them. 

The jigs are numerous and varied. The type may be char- 
acterized as a coal washer in which the washing is done by pulsat- 
ing flow of water upward through a bed of coal, these pulsations 
alternately lifting and opening the bed, so that settlement can 
take place, and then closing the bed down on the screen in readi- 
ness for another pulsion stroke. The question naturally arises, 
why pulsate the flow of water? Would not higher capacities 
be produced if the upward flow were maintained constantly? 
The answer to that question carries the reason for the popularity 
and effectiveness of jigs as a general type of coal-washing appara- 
tus. The jigging stroke makes use of the acceleration period in 
the settling of the particles composing the bed, and it is during 
this acceleration period that the separation of the particles in 
accordance with their relative specific gravity takes place. 

The earliest jigs were of the movable screen or basket type, 
where a container with a perforated bottom was jigged up and 
down in a body of water. The movement of the coal bed relative 
to the water produced the equivalent of a pulsating flow, and 
caused stratification. Some of these jigs were equipped with a 
valve arrangement that caused the basket to act as a pump, thus 
eliminating the necessity for a separate water-circulating unit. 

Then followed the fixed-screen jigs, in which the screen sup- 
porting the bed is fixed in the tank and the pulsations of the water 
produced by means of plungers. These jigs were, generally 
speaking, more effective than their predecessors, because of the 
more positive control of the pulsations. 

Numerous plants were built employing these types of equip- 
ment, and many developments of each type were brought out 
from time to time. Out of the experience gained in the building 
and operating of them certain things began to manifest themselves 
which would need improvement if the jigging of coal were to keep 
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pace with the more stringent 
operating specifications. In the 
basket jigs, adjustments were 
few and hard to make. In the 
plunger jigs, the same was true 
to some degree, and as the plants 
grew older it became more and 
more apparent that leakage past 
worn plungers was a bar to con- 
sistent operation. With the re- 
vival of interest in coal washing 
during the last few years there 
has also been a demand for a 
coal-washing jig with greater 
flexibility, lower maintenance, 
higher capacity, and more con- 
sistent performance. 

The jig described in this paper 
was originated by Fritz Baum 
in 1892. It is of the fixed- 
screen type and the character- 
istic that makes it different from 
all others of the same type is the 
use of compressed air instead 
of a mechanical plunger to 
produce pulsations. The best 
analogy for the water action of 
the Baum jigisa Utube. When 
air pressure is applied to the 
surface of the water in one leg of 
the tube, the water level rises in 
the other leg, and when the air 
pressure is released, the water 
tends to resume a common level 
under the laws governing a pendulum. If the screen supporting 
the coal be placed in the leg of the tube opposite where the air 
pressure is applied, the result will be the equivalent of the 
Baum jig. 

It will be apparent that the characteristics of a stroke produced 
in this manner will differ from those resulting from a positive 
mechanical plunger. Investigation of the dynamics involved 
shows that with no coal in the jig, the action of the water at the 
jig screen on the downward or suction stroke is analogous to one 
end of a pendulum swing, the remainder of the cycle being sup- 
plied by the energy of the compressed air. It is possible, then, 
by variation of the volume and pressure of the air to exercise some 
measure of control over the pulsion or upward stroke through 
the jig screen. Likewise, by a regulation of the admission of 
circulating water, in combination with the timing of the air ex- 
haust, it is possible to control the downward or suction stroke 
through the screen. 

The effect of this downward or suction stroke was for many 
years a debatable subject. It was called “back suction” and 
was believed by some engineers to be incompatible with the fun- 
damental laws underlying jig operation. In the light of the fuller 
knowledge and experience of the present day, however, it is 
apparent that the presence or absence of back suction is of less 
importance than the ability to control it. The amount of back 
suction has an important bearing on the ability of the jig to clean 
fine coal, and there is no question but that the character of the 
back suction and its controllability in the Baum jig are largely 
responsible for the greater size ratio in the feed which this unit is 
capable of handling effectively. 

Since the Baum jig was invented and developed in Europe, 
there were many people who believed that it might not be ap- 
plicable to the American problem of coal washing. Also a school 
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of thought was developing which emphasized sizing before clean- 


ing as a necessary adjunct to thorough preparation. The Baum 
jig with its comparatively high cost per machine was not adapted 
to such a design. The first installations, then, were watched 
with keen interest, and because of its success the Jeffrey Manu- 
facturing Company, Columbus, Ohio, introduced a redesigned 
type of the Baum jig in the United States. This design, incorpo- 
rating operating adjustments not included in the original unit 
is known as the Jeffrey Baum jig. 

Perhaps the most interesting single development was the in- 
troduction of a differential stroke to the mechanism producing 
the pulsations in the flow of water. A study of the behavior of 
the bed of coal disclosed that jig capacities were limited by the 
ability of the rising current of water to open up the bed so that 
settlement could occur. Theoretically, the rising current lifts 
the bed of coal, at the same time lifting the individual particles 
away from each other so that settlement can take place according 
to the laws governing the settling rate of solids in water. Ac- 
tually, the investigation showed that when a jig began to be 
pushed for capacity, the particles near the top of the bed were 
not separating, and that as a consequence, settling was not taking 
place. This behavior was traced to the fact that with a deep bed 
of coal, or with a thinner bed and a relatively high velocity of 
water, there was a tendency to lift the entire bed of coal as a mass, 
the particles toward the bottom closing together and sealing off 
the action of the water from those above them. It soon became 
obvious that if some means were devised to permit infiltration of 
water into the bed before the actual velocity of pulsation was 
reached, the bed would be more completely opened, deeper beds 
could be handled, and higher water velocities would be possible. 
This gave rise to the differential stroke. 

The valve which controls the admission of air to the pressure 
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compartment in the jig is usually of the piston type, with intake 
and exhaust ports in the surface of the cylindrical valve body. 
This form of valve is used in order to obtain the large port areas 
needed for the passage of comparatively large volumes of air at 
low pressure. The piston has been split on a horizontal plane, 
and the two halves have been made independently adjustable. 
This makes it possible to vary the length of intake time as com- 
pared with length of exhaust time, and to utilize the expansion of 
the air under pressure after the closing of the intake port as part 
of a completely controlled cycle. 

As a check on the effectiveness of this design, a series of tests 
was run, with varying adjustments of the differential stroke and 
with varying rates of feed to the test jig. In order to record the 
effect of the valve adjustment on the flow of water, time-velocity 
curves were plotted. These curves, in conjunction with a log of 
the test runs and the analysis of the product, furnish ample data 
for the study of the effect of this type of stroke. All the tests 
have borne out the theory underlying its development and al- 
though at the present time there are no installations which seri- 
ously test the capacity of the new jig, it is believed capable of 
handling large tonnages with a high efficiency. 

In addition to the new design of the air valve, the jig incor- 
porates a provision for readily changing the slope of the screen 
supporting the coal bed, a hinged plate for keeping the water 
flow uniform across the width of the jig, adjustments for varying 
the height of the overflow from each compartment, valves for 
controlling the amount of air admitted to each cell, and valves 
for controlling the amount of water flowing to each cell. All these 
are directly connected, to some degree, with the effect the jig has 
on the coal passing through it, and making these items adjustable 
has the effect of increasing the flexibility of the jig as a coal-prepa- 
ration tool. 


METHOD OF OPERATION 


Figs. 1 and 2 show sectional views of a Baum-type jig, and illus- 
trate the method of operation. The air receiver at the top of the 
transverse section is supplied with air from a centrifugal compres- 
sor at a pressure of approximately 2.5 lb per sq in. The pipes 
leading down from the receiver conduct the air to the valves which 
admit it to the pressure chamber, the valves being driven by 
eccentrics mounted on a line shaft directly above the valves. 
The air pressure forces the water down in the pressure chamber 
and the shape of the container causes a corresponding rise in the 
water on the other side of the central partition. This is called 
the pulsion stroke 

At the end of the pulsion stroke, the air valve opens to the at- 
mosphere allowing the air in the pressure chamber to exhaust. 
The difference in the water level on the two sides of the partition 
then causes the water to flow in the reverse direction, and the 
water rises in the pressure chamber in preparation for another 
cycle. This is called the suction stroke. 

During the pulsion stroke the bed of coal is lifted by the flow 
of the water and expanded so that the heavier, denser particles 
can settle to the bottom and form a stratum, or refuse bed. 

The fish-shaped apparatus shown in the longitudinal section is 
one form of float for controlling the discharge of refuse. It is 
usually streamlined to minimize interference with the movement 
of coal particles, and its buoyancy is adjusted so that it will sink 
through the mixture of coal and water but will be supported by 
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Fig. 2.) Stipe ELevaTiIon oF THE Baum JIG 

the denser refuse bed. The float is connected to the control of 
the refuse-discharge mechanism so that as it rises due to a deeper 
bed of refuse, it speeds up the rate of withdrawal of this material. 
Conversely, when the refuse bed thins down, the float slows down 
the rate of withdrawal, thus preserving the integrity of the bed. 

Water is admitted through the pipes and valves shown at the 
left of the transverse section and flows out over the sluice at the 
right of the longitudinal section. This horizontal flow of water 
carries the washed coal out of the jig, as well as assisting in mov- 
ing the material forward in the jig. 

Adjustments to change the operation of the jig are made by 
varying the flow of water, by varying the air admitted during the 
pulsion stroke, and by making various changes in certain con- 
structional features such as the slope of the screens supporting 
the beds, the height of the weirs over which the water flows, and 
the number of strokes per minute. 

Refuse material discharged by the action of the jig settles 
down through the water into the buckets of the elevators shown 
in Fig. 1 and is drained by the perforations in the buckets and 
discharged for further disposal. 

The cycle of operations described takes place in each cell of the 
jig. The complete jig is made up of a number of cells assembled 
to form compartments, and the compartments grouped to make 
the complete jig. Thus, in the jig shown in Fig. 1 there are three 
compartments, each composed of two cells. Various combina- 
tions of cells and compartments are used for different applica- 
tions, this being a function of the amount and quality of the coal 
to be washed. 
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Coal Preparation by the Air-Sand Process 


By THOMAS FRASER,! AURORA, ILL. 


The author presents in this paper the features of an 
air-sand process for the preparation of coal by specific- 
gravity separation. In this process, the float-and-sink 
separation is made in an artificial dry liquid medium of 
sand and air which can be adjusted within certain limits 
to the specific gravity needed to give a satisfactory coal 
product. This dry float medium of sand and air is pro- 
duced by passing a continuous flow of air bubbles upward 
through a bed of dry sand ina separator box. The author 
discusses the construction, operation, and effectiveness 
of the equipment used in the process. 


HE preparation of coal is the process of manufacturing a 

commercial fuel to meet market requirements from the raw 

material obtained in the mining operation. Coal as broken 
out of the bed and brought to the surface is a natural mixture of 
good coal particles of all sizes with rock and intermixed particles 
varying greatly in character and quantity depending upon the 
nature of the coal bed and associated strata. 

In a complete preparation plant, this raw-coal mixture is sized 
into market grades of uniform-size particles or within definite 
prescribed size limits, and the refuse particles are removed to 
produce a finished product as free from impurities and as uniform 
in quality as the natural characteristics of the raw material will 
allow. A typical example of the difference in characteristics of 
coal shipments received without cleaning and shipments from 
an effective preparation plant is shown by the two ash charts in 
Fig. 1. The charts show the ash in a long series of individual 
car samples of coal shipped raw and a series of car samples of 
mechanically cleaned coal from the same mine. The raw-coal 
shipments fluctuated in a range of ash content between 5.0 per 
cent and 9.5 per cent with an average of about 7.0 per cent. 
The cleaned coal averaged around 4.75 per cent in ash with a 
much narrower range of fluctuation, between 4.0 and 5.0 per 
cent. It is manifestly impossible to produce a coal of absolutely 
uniform quality because it is a natural product with some varia- 
tion in inherent quality of the clean coal substance and, further- 
more, practically all coals as mined contain off-color particles 
and slightly impure pieces so near to the character of the clean 


1 Mining Engineer, Stephens-Adamson Manufacturing Company. 
Mr. Fraser was graduated from the University of Illinois, in mining 
engineering, in 1917, and the following year worked in southern 
Illinois mines. From 1919 to 1924 he was engaged in coal-prepara- 
tion developments, as research engineer with the United States 
Bureau of Mines at Urbana, Ill., and Pittsburgh, Pa. Later he was 
connected with the University of Illinois as research professor of 
mining, with West Virginia University as professor of mining engi- 
neering, and with the Pennsylvania State Geological Survey in 
making an estimate and examination of culm and silt accumulations 
in the anthracite field. Since 1927 Mr. Fraser has been associated 
with the Hydrotator Company of Cleveland, Ohio, and the Stephens- 
Adamson Manufacturing Co., Aurora, Ill., where his work has dealt 
with the development and construction of coal-preparation plants. 
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coal as to be incapable of separation from the coal. However, 
such particles, coated with another coal or flecked with papery 
films of slate, are more detrimental to the appearance of the 
product than to its actual heat value. Most commercially 
workable coal beds in America are capable of producing, by 
efficient preparation methods, a grade of coal in which a very 
large proportion of consignments will be within a fraction of 1 
per cent of the mean ash content. 

Virtually all the commercial processes of coal cleaning make a 
specific-gravity separation. That is, they take advantage of 
the fact that the sulphurous and ash-forming mineral constituents 
of the coal are heavier than the pure-coal matter. Bituminous 
coal will range from 1.22 to 1.35 in specific gravity; slate from 
2.5 to 3.0, and pyrite, the sulphur mineral in the coal, from 4.5 
to 5.0. Besides pure-coal particles and pure-refuse particles, 


all natural raw-coal mixtures contain a third class of material 
called middlings. These consist of combination particles in 
varying proportions and ashy bone coals and carbonaceous 
shales making up a complete series of intermediate specific 
gravities between the coal at say 1.28 specific gravity and the 
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slate at 2.6 specific gravity. It is this inter- 
mediate class of material that constitutes the 
principal problem in the cleaning of coal and 
makes it necessary to establish tolerances for 
the allowable impurities in commercial coal and 
for fluctuations thereof. 

The standard method of measuring the clean- 
ing characteristics of a coal is the float-and-sink 
test, by which a sample of the raw material is 
separated into various specific-gravity fractions 
for examination. This test method is of in- 
terest to be described here because the aim in commercial coal 
cleaning is to duplicate the effect of these float-and-sink separa- 
tions at some one specific gravity. 

In the float-and-sink test, the sample is immersed in a liquid 
of high specific gravity capable of floating the coal so that the 
clean particles collect at the top and the refuse particles sink to 
the bottom as shown in Fig. 2. These two fractions are then 
separated by skimming off the float and pouring out the sink. 
The sample may be separated into a series of specific-gravity 
classes by using several liquids each of which has a different 
specific gravity. Thus, by using carbon tetrachloride of 1.60 
specific gravity and mixtures of carbon tetrachloride and gasoline 
to form test liquids of 1.5, 1.4, and 1.3 specific gravity, the sample 
may be separated into the following classes of particles: 

1 The float at 1.3 specific gravity, which comprises the lightest 
clean coal particles only. These particles will range from less 
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than 1.0 per cent to as much as 6.0 per cent ash in different coals. 

2 The 1.3 to 1.4 fraction, consisting of coal particles contain- 
ing small streaks or slivers of slate or high ashy bone particles. 
(This class will carry around 9 to 15 per cent ash.) 

3 The 1.4 to 1.5 fraction of particles carrying a larger pro- 
portion of slate, but still predominantly coal. (This class will 
carry around 20 per cent ash.) 

4 The 1.5 to 1.6 fraction, which in most coals looks decidedly 
gray in color or in combination particles may be around 25 per 
cent slate. (This class will carry around 30 per cent ash.) 

5 The sink at 1.60, which is heavy rock and pyrites or pieces 
at least of half rock. (This type of material usually analyzes 
over 50 per cent ash and often as high as 70 per cent ash.) 

Typical float-and-sink data obtained by weighing and analyzing 
the various specific-gravity fractions of a coal sample are listed 
in Table 1. 


TABLE 1 TYPICAL FLOAT-AND-SINK DATA ON A 
MIDDLE WEST COAL 


Weight separated, Sulphur, 
Specific gravity t per cent 

Float at 1.30 0.81 
1.30 to 1.40 
1.40 to 1.50 
1.50 to 1.60 
Sink at 1.60 


-AIR-SAND 
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In commercial coal preparation, the product is improved by 
taking out such of the heavier fractions as is necessary and eco- 
nomically feasible to leave a finished product of the desired 
characteristics. Naturally, as the separation is adjusted with 
lighter and lighter specific gravities to obtain a better product, 
the separation becomes technically more difficult and incomplete 
because we are narrowing the difference in specific gravity 
between the clean coal and the lightest refuse particles to be 
taken out. The cost per unit of additional improvement in 
quality of product increases very rapidly. Thus, when sepa- 
rating with a liquid having a specific gravity of 1.60, a 1.0 per 
cent reduction in ash can be obtained by removing approxi- 
mately 2.0 per cent of the product or 40 lb to the ton of 1.60 
sink material of 60.0 per cent ash content, whereas to obtain 
a 1.0 per cent reduction in ash content of the product, by remov- 
ing a 1.4 to 1.5 class of material of 20.0 per cent ash content, it 
is necessary to reject about 7 per cent of the product or 140 lb 
from each ton of raw coal. 

In the air-sand process of coal cleaning, the float-and-sink 
separation is made in an artificial dry liquid medium which may 
be adjusted, within certain limits, to the specific gravity needed 
to give a satisfactory product. This dry float medium is a 
mixture of dry, fine sand and air produced by passing a continuous 
flow of air bubbles upward through a bed of dry sand in the 
separator box. 

A simple demonstration apparatus, similar to the first device 
used in development of the process, is shown in Fig. 3. This 
_consists of a cylindrical glass vessel, with a porous-plate bottom 
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and a funnel-shaped air chamber beneath the porous plate, 
connected to a blower. The porous plate is a uniform air- 
pervious disk of carborundum or other commercial filter plate, 
which will diffuse a small quantity of air and deliver it above the 
plate in a continuous flow of tiny bubbles. These bubbles 
permeate the sand in the vessel, agitating the entire mass gently 
and uniformly, to produce a dry quicksand. As long as properly 
adjusted aeration is maintained, the mass of sand in the vessel is 
highly fluid and functions as a homogeneous liquid flotation 
medium. A sample of coal introduced into the vessel separates 
immediately into a float portion at the top and a sink portion 
at the bottom, as indicated diagrammatically in Fig. 3. The 
specific gravity of the fluid is adjusted by varying the rate of air 
flow. 


SAND HOPPER 


“SLATE GATES 


Fig. 4 THe THREE-STAGE Arr-SAND SEPARATOR Box 


To adapt the air-sand fluid to commercial coal cleaning, suit- 
able equipment had to be devised to carry on the float-and-sink 
operation on a large scale and to discharge the flotant coal 
product and the refuse sink product continuously. The air-sand 
separator box, in which this operation is carried out is shown in 
Fig. 4. This machine really comprises three flotation boxes in 
series, but all built in one integral trough-like unit separated by 
intermediate dams with overflow rollers to form the three sand 
pools designated in Fig. 4 by the numerals 1, 2, and 3. The 
floor of these sand pools is of air-pervious diffusing plates and the 
wind box under each of the three sections is separate and sup- 
plied with air from manifolds along each side of the machine 
with individual regulating gates to each of the three compart- 
ments of the machine. 

In operation, a continuous flow of the aerated sand is main- 
tained in the direction indicated by the arrows. The machine is 
set up in an inclined position so that the sand fluid runs over it 
by gravity. Compartment No. 1 is fed continuously at a regu- 
lated rate from the sand storage hopper. 

This continual flow of sand carries the products through the 
machine. The flotant coal passes over the rollers and discharges 
from the machine with the sand, flowing over the roller at the 
end of the third compartment to the overflow chute. The heavy 
refuse particles, which sink to the floor of the sand trough, are 
carried along more slowly by the travel of the sand stream until 
they reach the vertical sand chutes, one in each compartment, 
where they pass out of the machine through these discharge 
chutes to the slate gates below. 

These discharge chutes extend transversely across the entire 
width of the box. The slate gates are short reciprocating 
feeders that close the bottoms of the refuse chutes and discharge 
sand at a uniform rate, maintaining a slow downward movement 
of the sand and refuse columns in the vertical chutes. Feed of 
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MATERIALS HANDLING 


new sand from the storage hopper into compartment No. 1 is 
regulated to supply sand as fast as it is discharged by the three 
slate gates and to maintain sufficient overflow at compartment 
No. 3 to carry the coal away. The reciprocating slate gates are 
driven by a system of connecting rods and a disk crank on one 
of the overflow roller shafts. 

In the usual method of operation, compartments Nos. 2 and 3 
are used as primary cleaner cells while compartment No. 1 is 
used as a refuse recleaner. That is, the raw coal is fed to com- 
partment No. 2, after which the flotant coal from this pool flows 
into compartment No. 3 and is again subjected to the flotation 
effect for an opportunity to sink any refuse particles missed in 
the first treatment. The overflow from compartment No. 3 is 
a finished coal product. The refuse from these two primary 
flotation operations, discharged by slate gates Nos. 2 and 3 is 
returned with the sand to compartment No. 1 of the separator 
box and floated again to recover any coal particles that might 
have been carried down with the refuse in either of the two 
primary flotation compartments. Only the refuse that sinks 
in this retreatment operation and passes out through slate gate 
No. 1 is a final refuse product for disposal to the rock bank. 

By this double treatment of both end products, the final sepa- 
ration is made more uniform and foolproof. Temporary mal- 
adjustments of intermediate steps in the process are corrected 
automatically by the retreatment features. 

To complete the operation, the sand is screened out of both 
products and returned to the sand storage hopper, making a 
continuous closed circuit of the sand medium. The entire equip- 
ment is shown in Fig. 5. The coal product is desanded by high- 
speed vibrating screens which give the coal h substantial agita- 
tion at the discharge end to free the coal completely from the 
sand. The sand which passes through the coal-desanding screens 
and the refuse-desanding screens goes to the recirculating elevator 
boot. This elevator also carries the primary refuse returning for 
re-treatment. Both sand and primary refuse are delivered to 
the sand hopper and thence to compartment No. 1 of the sepa- 
rator box. The sand is continually conditioned by drying and 
dedusting in the return circuit. 

The most suitable grade of sand to use for the cleaning medium 
is a washed silica sand of 20 X 100 mesh size. Crushed-quartz 
glass sand, lake sand, and mixed river sands have all been used 
successfully, the sole specification being the size. Sand is circu- 
lated in the plant at the rate of about 2'/, tons per ton of coal 
handled. The make-up sand required to replace losses amounts 
to between 1 and 2 Ib per ton of coal handled. 

By adjusting the rate of air flow, the specific gravity of the 
aerated sand medium may be varied between 1.4 to 1.6. The 
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quantity of air regardless of minor fluctuations of resistance in 
the sand bed. This enables the operator to maintain a uniform 
condition of fluidity. The air required varies between 20 and 
30 cfm per sq ft of working area, that is, a separator box 12 ft 
wide with 96 sq ft of porous plates uses about 2000 to 3000 cfm, 
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depending upon the adjustment of the cleaner. A separator of 
this size will handle coal at the rate of 100 tons per hr. The air 
pressure in the wind boxes under the air-diffusing plates is 12 to 
14 in. of water. The air delivered to the box is controlled by a 
blowoff valve or preferably by varying the speed of the blower. 

The spent air escaping from the separator box is collected by 
a suction hood over the box. This collection of air, together 
with excess air from the separator, screens, and other equipment, 
is sufficient to maintain a satisfactory condition of the plant 
atmosphere. 

This process is adapted to the preparation of egg, nut, and 
stoker sizes of coal down to '/, in. in size. Typical performance 
of plants in Pennsylvania, Indiana, Kentucky, and West Virginia 
is shown in Table 2. The cost of cleaning coal by the air-sand 


TABLE 2 TYPICAL PERFORMANCE DATA OF AIR-SAND CLEANING PLANTS 


———— ——— Raw coal 


————Cleaned coal———-— 


Ash, Sulphur, Moisture, Ash, Sulphur, Moisture, Ash in refuse, 
Coal bed and location per cent per cent per cent per cent per cent per cent per cent 
Lower Kittanning, Pa............. 12.5 2.4 2.4 7.3 2.00 2.30 61.0 
Lower Freeport, Ind. ............. 9.2 7.0 2.00 50.5 
10.2 3.5 7.0 7.3 2.50 7.00 65.0 
7.2 0.9 1.5 4.6 0.76 1.25 52.0 


effective gravity of separation is a little higher than the static 
specific gravity of the liquid due to the effects of viscosity and 
the carrying power of the moving currents. 

The air supply to maintain aeration of the sand stream is 
furnished by Connersville blowers, which deliver a constant 


process, including operating cost, interest, and depreciation on 
a 10-year plant-life basis, is around 7 to 8 cents per ton on 
predominantly dry coal. If predrying of all or part of the 
coal is necessary, this will add from 1.5 to 5 cents per ton, de- 
pending upon the extent of the drying problem. 
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The author discusses the Rheolaveur process of cleaning 
coal, explains its operating principles, and relates how 
variations in raw-coal qualities are smoothed out in 
cleaned-coal product. He submits data showing the 
variability of raw coal from Illinois and Pittsburgh seams, 
and the uniformity of the cleaned coal produced in the 
Rheolaveur plants. 


HE CLEANING of raw coal is done not only to improve its 

average qualities but also to increase the uniformity of the 

product. Whether the coal is used in metallurgical proc- 
esses or as steam-plant or domestic fuel, uniform qualities are 
desirable. In fact, uniform qualities are very often more im- 
portant than average qualities. 

In steam-boiler practice it is much more essential that the 
coal be uniform in ash and sulphur content, heating value, and 
ash-fusion temperature than to be low in average ash and sulphur 
content and high in average heating value and ash-fusion tem- 
perature. The fuel-burning equipment and furnace of any 
boiler can be constructed to burn almost any type of coal 
efficiently, but the highest boiler rating and efficiency and the 
lowest maintenance costs can be obtained only when the coal 
supplied conforms closely at all times to the standard of qualities 
for which the equipment and furnace were designed. 

In metallurgical processes uniformity is, if anything, more 
important. The reactions occurring in such processes are numer- 
ous and complex. The smooth working of a blast furnace is 
largely dependent upon the uniformity of the materials in the 
burden. Undue variability in the coke is reflected in uneven 
operation and variable quality of metal. Seyler? says: ‘“‘The 
improvement of the physical properties of the metallurgical 
coke (from washed coal), in addition to the reduction of ash and 
sulphur, has been reflected in blast-furnace practice to the extent 
of a 5 to 8 per cent reduction in coke consumption, a 5 to 10 per 
cent reduction in flux with a subsequent reduction of 7 to 12 per 


1 American Rheolaveur Company and the Koppers-Rheolaveur 
Company. Mr. Griffen was graduated from Lehigh University in 
1911 as a chemical engineer. The following year he was assistant 
fuel engineer, Lehigh Coal and Navigation Company, Lansford, Pa., 
in charge of briquetting plant; from 1912 to 1915 he was assistant 
to the president, Harrison Bros. & Company, Inc., Philadelphia, Pa., 
chemical manufacturers, supervising their mining operations on 
bauxite, barytes, and pyrite. The next three years he spent as fuel 
engineer, The Hudson Coal Company, Scranton, Pa., in charge of 
inspection of their shipments of anthracite coal, and engaged on ex- 
perimental work in the use of pulverized anthracite for stationary and 
locomotive boiler use. From 1918 to 1926 he was manager, anthra- 
cite territory, The Dorr Company, Wilkes Barre, Pa. Since 1926 Mr. 
Griffen has been associated with the American Rheolaveur Company 
and the Koppers-Rheolaveur Company engaged in the design, erec- 
tion, and operation of coal-cleaning plants for both anthracite and 
bituminous. 

?“*Washing Coal for Coking Purposes at Clairton By-Product 
Coke Works,”’ by H. G. Seyler, Coal Age, vol. 38, June, 1933, p. 187. 
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The Rheolaveur Coal-Cleaning Process 


By JOHN GRIFFEN,' PITTSBURGH, PA. 


cent in slag volume, a 5 to 8 per cent reduction in blast pressure, 

resulting in a substantial reduction in power requirements, and a 
5 to 8 per cent increase in production of a low-sulphur pig iron. 
These improvements in blast-furnace practice, under the same 
operating conditions, were based on the average operation of 
five different plants which changed from coke made from raw 
coal to that made from washed coal.” It is undoubtedly true 
that the increased “production of low-sulphur pig iron’’ was 
caused by greater uniformity in coke qualities as well as by the 
improvement in average coke quality. 

One of the features of the Rheolaveur coal-cleaning process is 
the continuous recirculation of an intermediate-gravity product, 
the purpose of which is to produce efficient cleaning results and 
uniformly cleaned coal. This method of utilizing an intermediate- 
gravity product gives a regulating effect like that of a flywheel, 
so that the variations in raw-coal qualities are smoothed out in 
the cleaned coal. It is the purpose of this paper to describe the 
Rheolaveur process briefly and submit data showing the variabil- 
ity of raw coal of various types and the uniformity of the cleaned 
coal produced in Rheolaveur plants. Due to the processes involv- 
ing the formation of coal seams, the materials therein are quite 
variable and often intermixed so that the quality of the material 
may vary from fairly pure coal to refuse containing little or no 
combustible material; the purer combustible material is called 
coal, the more impure is called bone or middlings, and material 
containing little or no combustible is called refuse. Practically 
all commercial coal-cleaning equipment and processes are based 
on the fact that coal has a low specifie gravity relative to refuse 
materials and that, generally, as the specific gravity of the in- 
dividual pieces of material found in the output of a coal mine 
increase, their combustible or coal content decreases. Hence, 
by separating and discarding the materials with heavier specific 
gravities, the coal can be loaded in a relatively clean condition. 

Primarily the problem in coal cleaning is the control of the 
material with intermediate specific gravities. Its efficient separa- 
tion into that part of better quality which may be shipped with 
the cleaned coal and that part of poor quality which should be 
rejected with the refuse, determine the effectiveness of the plant 
as to overall recovery and the quality and uniformity of the 
cleaned coal. 

The Rheolaveur process utilizes launder washers where the 
raw coal, flowing down a launder or trough in a stream of water, 
is stratified in accordance with differences in specific gravity so 
that the stream consists of the light material flowing rapidly in 
an upper layer, a middle layer of heavier material moving more 
slowly, and a bottom layer of the heaviest material flowing quite 
slowly. This flow of materials is illustrated in Fig. 1. Rheo 
boxes, which control the extraction of the materials with the 
heavier specific gravities (refuse and bone) are attached to the 
bottom of the launder. These boxes are provided with: water 
connections so that an upward current of water of controlled 
volume will classify the material delivered to the box from the 
launder. This classification supplements the separation effected 
by the flow in the launder. 

The system of launders and boxes is arranged so that the inter- 
mediate gravity or bone material is collected and recirculated 
within the launder, thus, increasing the thickness of the middle 
layer stratified in the launder. The middlings return also sup- 
plies the fly-wheel action mentioned previously. This action 
absorbs variations in tonnage and quality of raw coal. With such 
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an arrangement, the separation of refuse is always made between 
refuse and middlings, and the separation of coal is made between 
coal and middlings. This system permits the cleaning of unsized 
coal over a wide range of sizes. 

The individual units of Rheolaveur apparatus, that is, the 
launders and boxes, are assembled in various definite combina- 
tions to meet the requirements of different raw coals, of the 
markets the clean coal is to serve, and of the tonnage and size 
range involved. Rheolaveur plants may be simple or elaborate 
as the conditions may require. 

With all concentrating and coal-cleaning equipment, an 
increase in the range of sizes handled in one unit or an increase in 
the amount of material having a specific gravity approximating 
that at which the separation is to be made, increase the difficulty 
of making a sharp separation in all sizes at the specific gravity 
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selected. To meet this condition a wide range of coal sizes is 
screened into two or more sizes. One type of Rheolaveur unit 
has been developed for large or coarse coal and another for 
small or fine coal. Flow diagrams of typical units of each type 
are shown in Figs. 2, 3, and 4. Fig. 3 is a flow diagram in eleva- 
tion of the same unit shown in plan in Fig. 2. Fig. 5shows a sec- 
tion of a fine-coal Rheolaveur launder and box and illustrates the 
stratification and classification of this coal. These two types of 
units in combination constitute the complete plants for which 
performance data are given hereafter. 


OF CoaL 
The uniformity of coal may be expressed by recording its 
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variability. A uniform coal has a low degree of variability. The 
measures of coal quality generally used in industry are moisture, 
ash, sulphur, heating value, and the ash-fusion temperature. 
As ash content is the most simple measure of coal quality it will 
be used in this paper. A more complete presentation of the vari- 
ability of coal qualities has been given by Morrow and Proctor.* 
However, a quotation from page 4 of the article* will throw light 
on what is presented hereafter: 

“Tt is generally accepted that the results of a series of samples 
will illustrate the degree of variation of the coal itself. Rather 
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the results should be considered as seeming variations due in 
part to the true variations of the coal and in part to the sampling 
and analysis. These variations depend on the following factors, 
which must be considered in any study that undertakes to reveal 
the true quality and variability of a given coal: (1) The true 
variability of the coal itself, (2) the accuracy of taking the gross 
sample, (3) the accuracy of reducing the gross sample to minus 
4 mesh, (4) the accuracy of reducing the minus-4-mesh sample 
to minus 60 mesh, and (5) the accuracy of the analysis of the 
sample. 

“In many cases we have found that the last four factors may 
cause more variation in the results than that caused by the true 
variability of the coal itself.’’ 

In judging the performance of a coal-cleaning plant the vari- 
ability introduced by the method of sampling and analysis should 
be minimized if the same procedure is used for raw coal 
and cleaned coal. This condition has been met so far as the 
writer could determine in every case where a comparison has 
been here drawn, unless any variation in sampling method is 
described. 

To express variability, the usual practice is to show the per- 
centage of samples that fall within various limits from the 
average, expressed graphically or by tabulation. It has been 
shown by Bailey‘ and the British Engineering Standards As- 


3 “Variables in Coal Sampling,’’ by J. B. Morrow and C. P. Proc- 
tor, Technical Publication No. 645-F-67, American Institute of 
Mining and Metallurgical Engineers, September, 1935. 

‘**Accuracy in Sampling Coal,’’ by E. G. Bailey, Journal of In- 
dustrial and Engineering Chemistry, vol. 1, March, 1909, p. 161. 
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TABLE 1 VARIABILITY OF COAL DENOTED BY PROBABLE 
ERROR r 


Limits Percentage of results 
Average +r 50.0 
Average + 2r 82.3 
Average + 3r 95.7 
Average + 4r 99.3 
Average + 5.7r, maximum error Expected once in 10,000 


results 


TABLE 2 VARIABILITY OF ASH CONTENT OF RAW AND 
CLEANED COAL FROM AN ILLINOIS STRIP MINE, PLANT A 


po). ere Raw Cleaned Raw Cleaned Raw Cleaned 
Number of cars from which 
samples were taken...... 396 110 417 287 155 108 
Ash, dry basis, per cent: 
14.48 5.02 10.94 4.44 21.86 4.05 
28.45 9.28 27.62 8.96 33.40 5.93 
6.76 2.47 4.03 2.40 10.78 2.59 


sociation® that the distribution of sampling results follows 
closely the laws of probability. Morrow and Proctor® have con- 
firmed this in their work. Thus, the determination of the 
probable error of a set of samples fixes the distribution curve of 
the variations, and it is possible to express the distribution by 
this one figure. This does not determine any possible skewness 
in the distribution, but does give a convenient and simple num- 
ber for comparison. Morrow and Proctor have discussed the 
skewness tendency of coal analyses and on page 9 of their article* 
state that “the largest variation from the average ash or sulphur 
should be on the plus side, but on the minus side for ash fusion” 
(temperature) . 

By definition, the probable error is the value of the plus-and- 
minus limit from the average within which 50 per cent of the 
results will fall, and the probable error r denotes the distribution 
as given in Table 1. 


UNIFORMITY OF RHEOLAVEUR CLEANED COAL 


The data on which the following portion of this paper is based 
covers (1) 2600 analyses of raw and cleaned coal from two 
Rheolaveur plants cleaning two different Illinois coals mined by 
stripping and (2) a large number of analyses of coal from similar 
plants cleaning coal mined from the Pittsburgh seam. 


A—ILLINoIs Strip-Mine Coau 


At this property coal is produced primarily for steam-plant and 
domestic use and is produced from three pits, all mining the 
same seam. Every car of slack and nut slack produced from this 
property is separately sampled and analyzed for moisture and 
ash. Sampling is done by cutting the stream of coal entering 
the car. Four increments of 20 lb each are taken from a 50-ton 
car and six such increments from larger cars. These increments 
are spaced equally during the loading of the car. The same 
procedure was continued for the cleaning-plant product. 

The coal-cleaning plant consists of a coarse-coal unit such as 
shown in Figs. 2 and 3, which receives 3-in. to 0-in. coal. Its 
clean-coal product is screened into the nut sizes from 3 to !/, in., 
and the '/.-in. to 0-in. coal is recleaned in a fine-coal unit similar 
to that shown in Fig. 4. 

The analyses covering the output of raw coal for the three 
months prior to the starting of the cleaning plant and for the 
first three to four months of its operation are given in Table 
2. The distribution from the average for the raw and cleaned 
11/.-in. to 0-in. screenings, 1'/:-in. to nut, and '/,in. to 
0-in. duff, are given in Figs. 6, 7, and 8, respectively. 

This coal, due to its high ash content and high probable error 
in the raw state makes a very interesting comparison. The 
~ 8 “Report on the Sampling of Small Fuel up to 3 In. Embodying 
Some General Principles of Sampling,” by E. S. Grunnel and A. C. 


Dunningham, Report No. 403, British Engineering Standards As- 
sociation, December, 1930. 
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tendency to skewness on the high-ash side of the raw coal is very 
pronounced. The cleaned coal shows much greater uniformity; 
the probable error being one third to one fifth of that of the 
corresponding size of raw coal. The skewness of the cleaned 
coal on the high-ash side is very slight, and with the */;in. to 
0-in. size, duff is negligible. It is interesting to note that this 
smallest size is cleaned to the lowest average ash content and the 


— 
| | Washed Coa/ | | 
if | | | | 
| | | 
5 25 Raw Coa! 
A Ash | 
£ | | r=225% 
| A | | 
| | pte’ | | | | 
| > | | | | | 
0 a 8 12 16 20 24 28 32 36 


Ash Percentage — Dry Basis 


Fig. 6 DistTrRIBUTION FRoM THE AVERAGE FOR RAw AND CLEANED 

11/:-In. To 0-IN. SCREENINGS FROM AN ILLINOIS Strip MINE, PLANT A 

(Values plotted were obtained from analyses of washed coal from 110 cars 
and raw coal from 396 cars.) 
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Fie. 7 DistrrsuTion From THE AVERAGE FOR Raw AND CLEANED 
11/:-In. To !1/¢In. Nut Coat From an Strip MINE, 
PLanT A 


(Values plotted were obtained from analyses of washed coal from 287 cars 
and raw coal from 417 cars.) 
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Fie. 8 DistrisuTion From THE AVERAGE FOR Raw AND CLEANED 
1/,-In. To 0-InN. Durr Coat From An Strip Mine, PLant A 


(Values plotted were obtained from analyses of washed coal from 108 cars 
and raw coal from 155 cars. 
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lowest probable error, i.e., the highest uniformity in the product. 
Small coal is generally considered more difficult to clean than large 
coal. 


Puant B—I.urNots Strie-Mine 


This property likewise produces coal for steam-plant and 
domestic use from three pits mining one seam. No organized 
and continued analysis program was carried out on the shipments 
of raw coal, so these data are not available. 

The coal-cleaning plant consists of a coarse-coal unit similar 
to that illustrated in Fig. 9, which receives raw coal of 4-in. to 
0-in. size and screens its cleaned coal into nut sizes from 4 in. to 
5/i¢in. The °/i.-in. to 0-in. coal is recleaned in a fine-coal unit 
similar to that in Fig. 4. Since the raw coal larger than 3/, in. 
contains considerable laminated intermediate-gravity material 
which cannot be shipped and contains appreciable coal which is 
liberated by crushing, the screen and crusher are used to crush 
the coarser part of the coal product from the rewash launder in 
which this material is concentrated. The crushed material is 
returned to the original feed point and recleaned. 

Samples are obtained by cutting with a swing box a single 
increment sample from the stream of coal entering the railroad 
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Fig. 9 Puan DraGram or RHEOLAVEUR CoAL-CLEANING 
Usep aT AN ILLINOIS Strip Mine, PLant B 


cars. The samples of 1'/,-in. to 0-in. screenings, weigh approxi- 
mately 50 lb, samples of */;-in. to 0-in. screenings weigh about 
35 lb, and samples of °/,-in. to 0-in. screenings weigh about 20 
lb. Each sample is analyzed separately for moisture and ash. 
Samples are taken about every hour depending on the loading 
schedule of the various sizes. During each 7-hr shift, from three 
to eight samples of each size are taken and analyzed. The 
results of all analyses obtained over seven months’ operation are 
recorded in Table 3 and are plotted in Figs. 10, 11, and 12. 

It is unfortunate that similar data on the raw coal are not 
available for comparison. These ash-distribution curves on 
Rheolaveur cleaned coal show a low variability for the type of 


TABLE 3 VARIABILITY OF ASH CONTENT OF CLEANED COAL 
FROM AN ILLINOIS STRIP MINE, PLANT B 


1'/4 to 0 to 0 to 0 
Number of samples?............... 489 — 277 367 
Ash, dry basis, per cent: 
9.46 9.40 8.12 


2 Samples taken hourly. 
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TABLE 4 VARIABILITY OF ASH CONTENT OF RAW AND CLEANED COAL FROM THE PITTSBURGH SEAM, PLANT C 
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2 to 2 to ——1'/s to0O——.__ —1'/s to 3/s—~  ——?/s to0—~. ——4 to 
Raw Cleaned Raw Cleaned Raw Cleaned Raw Cleaned Raw Cleaned Raw? Cleaned 
Number of cars from which samples were taken... 100 100 100 1 100 100 
Ash, dry basis, per cent: 


lb each were taken and analyzed separately. 


raw coal cleaned and it will be noted that the skewness on the 
high-ash side is of a low order. The probable error decreases as 
size decreases. In this connection it may be noted that the aver- 
age ash of the raw coal increases as size decreases, while the ash 


of the raw coal floating at the gravity of separation decreases 
as size decreases. 


Piant C—PirrssurGcH SEAM 


This plant is handling the output of five mines in the Pittsburgh 
seam. Part of the coal is hand-loaded and part is machine-loaded. 
The Rheolaveur cleaning plant is treating 4-in. to 0-in. coal and 
consists of a combination of units shown in Figs. 9 and 4. 
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Ash Percentage — Dry Basis 
Fic. 10 DistrrpuTiIon From AVERAGE OF WASHED 1!/,-IN. To 0-IN. 


ScREENINGS From AN ILLINOIS Strip Mine, PLant B 


(Values plotted were obtained from analyses of 489 samples of cleaned 
screenings.) 


Data are not available on all sizes of raw coal corresponding to 
the cleaned-coal sizes. However, such data for 11/;-in. to 0-in. 
and 4-in. to 0-in. raw coal are available and these are given in 
Table 4 along with data for cleaned coal. The cleaned coal shows 
a probable error of one third to one half the probable error of the 
raw coal, and the smallest size has the lowest such value. 


Piant D—PirrsspurGH SEAM 


This plant is treating the output of mines working the Pitts- 
burgh seam. The run-of-mine coal is part hand-loaded and 
part machine-loaded. The raw coal from 4 in. to 0 in. size, 


TABLE 5 VARIABILITY OF ASH CONTENT OF 4-IN. TO 0-IN. 
RAW AND CLEANED THE PITTSBURGH SEAM, 


Raw 
Before After 
ins bins Cleaned 
Number of increments per car........ ee meee 10 
Weight of each increment, lb......... 60 60 20 
umber of increments per sample.... 1 : er cer 
Ash, dry basis, per cent: 


a The 4-in. to 0-in. raw coal was not sampled at the cars but at the feed point in the cleaning plant during three operating days when 102 samples of 110 
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7.90 8.50 910 9.70 10.30 10.90 11.50 
Ash Percentage —Dry Basis 
Fie. 11 Disrrrsution From AVERAGE OF WASHED 3/,-IN. To 0-IN. 
ScREENINGS AN ILLINOIS Strip Mine, B 


(Values plotted were obtained from analyses of 277 samples ‘of cleaned 
screenings.) 
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Fie. 12 Distripution From AVERAGE OF WASHED 5/;¢-IN. To 0-IN. 
ScREENINGS FRom an ILuINoIs Strip Mine, B 


(Values plotted were obtained from analyses of 367 samples of cleaned 
screenings.) 


is cleaned to a metallurgical quality in a combination of coarse- 
coal and fine-coal units similar to those shown in Figs. 2 and 4, 
respectively. These units, however, are somewhat more elaborate 
and the primary refuse of the coarse-coal unit is progressively 
crushed during its progress through the plant. 

The data on raw and cleaned coal are given in Table 5. It will 
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be noted that the raw-coal bins materially reduce the variability 
of the raw coal so that when fed to the cleaning equipment it 
is more uniform than all the other raw coals mentioned in this 
paper. Nevertheless, the cleaned coal has an unusually low 
variability and the probable error of the cleaned coal is less than 
one sixth that of the raw coal. 


CONCLUSIONS 


In drawing conclusions, valid comparisons cannot be made 
between the performance as to variability of different plants 
treating different coals unless the true variability of the coal 
itself, as well as that introduced by the methods of sampling 
and analysis, can be evaluated in each case. No attempt has 
been made by the author to determine these variability factors, 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


and it is doubtful that they could be determined without con- 
siderable additional data. The author believes that the data 
submitted in this paper warrant conclusions regarding changes 
in variability of cleaned coal in relation to that of the raw coal 
which is generally shown by these data. 

The cleaned-coal produced by Rheolaveur plants show the 
following uniformity or variability characteristics in comparison 
with the raw coal: (1) The uniformity is materially increased, 
i.e., the variability is decreased to a value one half to less than 
one sixth of that of the raw coal; (2) the tendency of the raw 
coal to skewness on the high-ash side is largely eliminated in 
the cleaned coal; and (3) the fine or small cleaned coai generally 
shows the greatest uniformity and the tendency to skewness on 
the high-ash side is extremely small. 
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A Theory of Paper Drying 


The authors develop theoretical formulas for predicting 
the performance of paper-drying machines and compare 
the results obtained by using these formulas with repre- 
sentative machines now in use. The paper includes a dis- 
cussion of (1) the problems met with in the paper-making 
industry and how these problems can be dealt with theo- 
retically in an effort to predict the performance of drying 
machines and (2) fundamental equations which can be 
used in designing and perfecting new equipment. 


HE 
paper: 


A, = total surface area of a strip of drier shell 1 ft wide, sq ft 


NOMENCLATURE 


FOLLOWING nomenclature’ is used the 


A, = total area of cylindrical surface of drier drum, sq ft 
A, = uncovered surface area of a strip of drier shell 1 ft wide, 
sq ft 


Ay = total uncovered surface area of a single drier drum, 
including the ends, sq ft 

C = contact length on a drier shell, ft 

¢ = conductivity coefficient of the shell material, Btu per sq ft 
per deg F per in. per hr 

C: = conductivity coefficient of the paper, Btu per sq ft per 
deg F per in. per hr 

D = CK,/S,PW, 

e = weight of water evaporated from 1 sq ft of sheet for any 
given drier drum, lb 

H_~ = thickness of drier shell, ft 

k, k,, k,’ = surface coefficients of heat transmission, Btu per sq ft 
per deg F per hr 


K’ = coefficient of heat transmission between steam and surface 
of drier drum, Btu per sq ft per deg F per hr 

K, = coefficient of heat transmission through paper, Btu per sq 
ft per deg F per hr 

1, = latent heat of vaporization at ¢,, Btu per lb 


M =aconstant = (t, —t,)/l, 
nand n, = number of effective driers in a drier bank 


n, = number of preheating driers in a drier bank 
P= paper thickness, ft 
Q = heat input to any drum, Btu 


- | 
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Q, = heat added to 1 sq ft of sheet on any given drier drum, Btu 

Q, = total heat input to n effective driers, Btu per hr 

Q, = total heat input to n, preheating driers, Btu per hr 

R =aconstant = [(t, — ¢,)/l,|W,S, 

S, = specific heat of dry fiber, Btu per lb per deg F 

S, = specific heat of shell material, Btu per lb per deg F 

S, = specific heat of paper web, Btu per lb per deg F 

t, = surface temperature of a drier shell = maximum paper 
temperature attained on the drier, F 

ta1, ta2, tan = surface temperature of the preheating driers, F 


t, = evaporation temperature, F 

T,. = surface temperature of the drier shell at point of contact 
of the shell and paper, F . 

T, = mean temperature difference between the steam and 
shell surface 

T, = surface temperature of the drier shell at point of separa- 
tion of the shell and paper, F 

T, = temperature of sheet leaving the last press, F 

t; |= steam temperature in the effective driers, F 

t,’ = steam temperature in the preheating driers, F 

i,’ = paper temperature on the preheating driers, F 


V = paper speed, ft per hr 

V’ = paper speed, fpm 

W = width of sheet dried, ft 

W, = total water evaporated from n driers, lb per hr 
W, = weight of bone-dry fiber per sq ft of sheet, Ib 
W, = specific weight of paper web, lb per cu ft 

W, = specific weight of shell material, lb per cu ft 


x, = thickness of drier, in. 

2%, = thickness of paper, in. 

zx; = thickness of felt shell, in. 

X = maximum permissible rate of evaporation, lb of water per 
sq ft of sheet per hr 

Y = water content of paper, lb per sq ft of sheet 

Y, = water content of sheet on the drum on which the aver- 


age surface temperature is attained, lb per sq ft of sheet 
Y, and Y, = initial and final values of Y 
Z, = free interroll space, ft 
w = angular velocity of drier drum, radians per hr 
¢: and ¢; = portions of drier shell in contact with paper and 
uncovered, respectively, radians 
n = efficiency of whole drier bank 


1—THEORY AND DERIVATION OF EQUATIONS 


INTRODUCTION 


Because of the flexibility of the usual paper-drying systems, 
a strict theoretical analysis of the thermodynamics involved has 
never been found absolutely necessary for design. It may be 
said that the paper machine drier has merely evolved to the 
extent that existing machines have always furnished the neces- 
sary criteria upon which new designs were based, and successful 
operation has always been possible because the different variables 
such as speed, steam temperature, and volume of air used could 
always be utilized for adjustment. 

The paper machine drier, illustrated in Fig. 1 being ill 
adapted to experimentation, it becomes necessary to develop a 
rational theoretical basis for the drying process in order to achieve 
optimum operating conditions, and in addition, the accurate 
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prediction of the performance of new machines is highly desirable. 
It is for this reason that the following analysis has been made. 

It should be pointed out beforehand that very few data of an 
experimental nature were available; the most common fault being 
the vague and inconclusive manner in which most investigators 
have described the conditions of their tests. 

In making numerical calculations it has been necessary to 
adopt coefficients which are used under circumstances most closely 
related to this problem. 


ARRANGEMENT OF A DRIER BANK 


Fig. 1 


A simple way to visualize the drying process is to consider the 
moist paper web as a cooling coil in contact with the hot drier. 
Practically all the heat of vaporization is liberated after the sheet 
leaves the drier; hence, the actual escape of the moisture occurs in 
a series of explosions. The moist sheet containing from 70 to 75 
per cent by weight of moisture enters the drier nest at a tempera- 
ture of from 60 to 100 F. The first two or three driers heat the 
moist sheet to the evaporation temperature. The sheet is held in 
close contact with the shell by means of an endless felt. Heat 
added to the sheet on the remaining driers, referred to as effec- 
tive driers in subsequent calculations, is used to evaporate the 
moisture. The derivation of the formulas in this study is 
based on the following hypothesis describing the drying cycle on a 
given drier. 

The thin moist paper web enters the drier at the evaporation 
temperature t,. It is assumed that very little heat, and in turn 
moisture, escapes during the contact part of the cycle. Before 
leaving the drier roll the moist sheet has acquired a temperature 
approximating that of the surface of the drier shell. On breaking 
contact, the sheet begins to cool and evaporation of the entrained 
moisture takes place. The rate of evaporation is proportional to 
the difference in vapor pressure between the vapor in the sheet and 
the vapor in the air in the immediate vicinity of the sheet. It is 
further assumed that sufficient air at a constant temperature and 
relative humidity is being supplied to carry away the moisture. 
The longer the time interval between driers, the greater will be 
the cooling of the sheet and, hence, the lower the average evapora- 
tion temperature. Given the evaporation temperature at a cer- 
tain speed, the corresponding evaporation temperature t, may 
be calculated for other speeds. As soon as the wet paper leaves 
the shell, the shell tends to become hotter, thus acting as a reser- 
voir for heat that is released when contact is made again. While 
this difference is only a fraction of a degree, the heat thus 
stored is of considerable magnitude due to the number of cycles 
per unit of time. The rate at which water is evaporated must be 
such that the steam in the sheet escapes without injuring the 
formation. The maximum permissible rate is governed by the 
strength or cohesion of the fiber mass necessary to prevent dis- 
tortion and by the hygroscopic characteristics of the sheet, 
governed in turn by the freeness, the percentage of sulphite pulp, 
and the formation of the sheet. This is largely a paper-making, 
not an engineering, problem and, as the factors are not quantita- 


tively known, the authors have endeavored to choose conditions 
within the range of known practice. Ignorance of these factors 
does not affect the validity of the equations given in the paper. 

The total pressure of the air-vapor mixture in the drier hood is 
composed of dry-air pressure plus vapor pressure, each of these 
being a partial pressure obeying Dalton’s law. Doubtless there is 
a considerable range in evaporation temperatures for any given 
condition. We are concerned only with an average evaporation 
temperature. The equations show the relation between all of 
the important variables. 

Scavenging air receives its additional heat from (1) heat re- 
covery through a heat interchanger using the exhaust air-vapor 
mixture; (2) steam coils when low atmospheric temperatures pre- 
vail; (8) the vapor from the sheet which in cooling surrenders some 
of its sensible heat and causes the dry-bulb temperature of the 
air to inerease; and (4) radiation and convection from the driers. 
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Air as it leaves the driers will be at about 140 F and have a 
relative humidity of from 40 to 50 per cent. 

Radiation from the hood itself may cool this air to around 120 F 
and increase its relative humidity to 70 or 85 per cent. For the 
maximum heat recovery, it is obvious that the temperature of the 
exhaust vapor must be high. It is probable that relative humidi- 
ties greater than 60 per cent at 140 F retard the rate of evapora- 
tion. For a specific example, there are limits to the tempera- 
ture of the air supply below which the drying capacity is re- 
duced and above which there is no appreciable increase in the 
drying rate. 


CALCULATION OF DRIER SURFACE TEMPERATURE 


Consider first the properties of a single drier drum. In all 
of the following calculations it will be assumed that all surfaces 
are flat planes, and the effect of the curvature of the drier shell on 
the heat transmission can be neglected. 

Referring to Fig. 2, let x, x2, and x; = thicknesses of shell, 
paper, and felt, respectively, in.; c, c, and cs; = corresponding 
conductivity coefficients, Btu per sq ft per deg F per hr per in.; 
and k, k,, k,’ = surface coefficients, Btu per sq ft per deg F per 
hr. 

Consider here that the air temperature ¢, in the immediate 
vicinity of the drier shell is the temperature at which evapora- 
tion from the sheet takes place. 

While the average air temperature in the drier hood is much 
lower than the actual evaporation temperature ¢,, it is a fact con- 
firmed by personal observation that comparatively high air 
temperatures are obtained close to the sheet, while the air at a 
distance is much cooler. It may also be shown that most of the 
heat added to the air-vapor mixture in the drier bank is due to 
the heat of evaporation of the water. It appears certain, there- 
fore, that in the immediate vicinity of the sheet, the air tem- 
perature must be approximately the same as the evaporation 
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temperature. For the sake of simplicity this temperature has 
also been assumed to exist in the layer close to the uncovered 
portion of the drier shell. Whether or not this latter assumption 
is strictly true is a matter of little importance, since the heat 
quantities involved are relatively small. 

The coefficient of heat transmission between the steam and 
the surface of the shell is 


l 


where K’ is the coefficient of heat transmission, Btu per sq ft per 
deg F per hr. 

Consider a portion of the shell during a single revolution. 
Let the surface temperature of the shell be 7, at the point of con- 
tact of the shell and paper. 
temperature rises from é, to ¢,, and the temperature of the shell 
surface falls from 7, to 7,. During rotation across the un- 
covered portion, the surface temperature rises again from 7’, to 


Consider the uncovered portion of the shell, and an element of 


As the paper becomes heated, its 


surface area dA, moving through an angle dé in time ds as 
shown in Fig. 3. The surface temperature of the shell at @ is 7, 
and at @ + d@is T + dT. Then the heat transmitted through 
the shell in the time ds is equal to the heat radiated to the air 
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plus the heat absorbed in raising the shell temperature by an 
amountdT. The heat transmitted through the shell is 


K'(t, — T)dAds 
and the heat lost to the air is 
k,'(T — t,)dAds 
If H = thickness of shell, ft; W, = specific weight of shell 
material, lb per cu ft; and S, = specific heat of shell material, 


Btu per lb per deg F;_ then, the heat absorbed in raising the 
shell temperature is 


HW,S,dAdT 
and 
K'(t, — T)dAds = k,’ (T —t,)dAds + HW,S,dAdT 
or 
ds[(K't, + ko’t.) — T(K' + k,’)] = HW,S,dT 
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If the angular velocity of the drum is w radians per hr, so that 
ds = d6/w, then 
dé dT 
wHWS,  (K'ti + — T(K’ + k,’) 


Integrating T from T, to T,, and @ from 0 to ¢2 gives the total 
change in temperature, that is 


r. (K's, + —T(K’ +k) Jo wHWS, 


| + — TAK? + 
+k! L(K’t + — + 


and 


A solution of Equation [1] using actual values and known data 
shows the relation between TJ, and T,. Consider a 60-in. drier 
using steam at 10 lb per sq in. gage, and operating at a speed of 
1200 fpm. From Fig. 6 it is observed that the evaporation tem- 
perature ¢, at this speed is 180 F. Also, 4 = 240 F, k = 2130 
Btu per sq ft per deg F per hr,* z; = 1.125 in., and q = 313.4 Btu 
per sq ft per hr per deg F per in.,‘ so that K’ = 246.5 Btu per sq 
ft per deg F per hr. Based on a surface coefficient of 1.34 and a 
windage factor® of 4.5, k,’ = 6.1. Other values are: w = 
{[(1200/57) X 2” X 60] = 28,800 radians per hr, H = 2,/12 = 
0.0938 ft, W, = 480 lb per cu ft, S, = 0.1189 Btu per lb per 
deg F,* and approximately, ¢: = x. 

Substituting the foregoing values in Equation [1] it is found 
that 


238.5 — T. 
238.5 — T, 


For a value of T, = 200, T, = 199.6 F. Then T, and T, are 
very nearly equal. 

Now consider the covered portion of the shell. The heat trans- 
mitted through the shell is the difference between the heat carried 
away by the paper and the heat rejected by the shell. The heat 
transmitted through the shell during this part of the cycle = 
K'T ,(¢:/w) where T; is the mean temperature difference be- 
tween the steam and the sheil surface. Since T, and T, are very 
nearly equal 


= 0.995 


T, = (4 — (T. + 


If Y = the watér content, lb per sq ft of paper on the drier 
drum; W, = weight of bone-dry fiber per sq ft of sheet; and 
S, = specific heat of fiber, Btu per lb per deg F, then the heat 
absorbed by 1 sq ft of paper in its passage over the drum is 


+ W,S,) (te —t,) 


But, since the paper and shell are held in very close contact, it 
may be assumed that t, = T.. 
The heat rejected by the shell per square foot of surface is 


HW,S,(T, — T,) 
Then the heat transmitted through the shell is 
K'(¢i/w) — (T, + T)/2) = (¥ + W,S,)(T. 
AWS, (T, 
3 Kent’s Mechanical Engineers’ Handbook, p. 608. 
4 Ibid., p. 602. 


5 Ibid., p. 634. 
6 Ibid., p. 592. 
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or 
+ W,S,) — + + 

+ HW,S,| = K'(¢./#)ti + (Y + [2] 

By solving Equations [1] and [2] for the two unknowns, the actual 


values of 7, and 7, can be determined. The differential, how- 
ever, is so small that large errors in calculation are difficult to 


avoid. By considering T, = T, = t,, a simpler solution is ob- 
tained. 
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The curves are based on the following conditions: Diameter of drier 
rums = 60 in.; steam pressure in effective driers = 10 lb per sq in. gage; 
steam pressure in preheater driers = 2 lb per sq in. gage; initial consistency 
of paper = 28 per cent; final consistency of paper = 92 per cent; paper 
speed = 1200 aren: weight of paper = 32 lb per 3000 sq ft of air- dry paper.) 


Consider a strip of shell of unit width and let V = surface 
speed, ft per hr; A, = total surface area of the shell, sq ft; and 
A, = area of the uncovered surface, sq ft. Then, the total heat 
transmitted from the inside of the shell to the surface, which is 
the sum of the heat carried away by the paper and the heat ra- 
diated to the air from the uncovered surface, can be expressed as 


from which 


_ + Vt(¥ + W,S) + 
 K'’A, + + W,S,) + 


For any given speed and moisture content of the paper, the 
surface temperature of any drier shell can be obtained with Equa- 
tion [3]. Fig. 4, which was plotted from the values given in 
Table 1, shows the variation in ¢,, for the specified conditions 
over the whole of a given drier bank. The variations in tem- 
perature, over the effective driers, follow almost a straight line, 
and the arithmetic mean of the initial and final temperature is 
close to the actual mean value. While it is possible to determine 
the characteristics of a drier bank through a process of arithmetic 
integration, such as has been performed in Table 1, this method is 
cumbersome. It has been found sufficiently accurate to consider 
a representative, or mean, drier, the characteristics of which are 
an average for the whole drier bank. Thus, if t,; = the surface 
temperature of the first effective drier, where Y = Y,, and ty = 


the surface temperature of the last drier, where Y Y,, the 
average temperature 
tas + bay 
(4) 


In a given machine, operating with a fixed number of drier 
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TABLE1 PERFORMANCE DATA OF A PAPER-DRYING MACHINE 


Y, lb per Consist- e, lb per Q, Btu per 
Drier no. sq ft ency,% ta, F sq ft hr 
1 0.0252 28.0 219.0 0.00112 1,645,000 
2 0.0241 28.9 219.5 0.00109 1,605,000 
3 0.0230 29.9 220.0 0.00106 1,561,000 
4 0.0219 30.9 220.5 0.00103 1,518,000 
5 0.0209 31.9 221.0 0.00100 1,477,000 
6 0.0199 33.0 221.6 0.000972 1,435,000 
7 0.0189 34.2 222.1 0.000945 1,397,000 
8 0.0180 35.3 222.6 0.000916 1,355,000 
9 0.0171 36.5 223.1 0. 000887 1,316,000 
10 0.0162 37.7 223.5 0.000856 »271,000 
11 0.0153 39.1 224.0 0.000827 1,231,000 
12 0.0145 40.3 224.5 0.000800 1,193,000 
13 0.0137 41.7 225.0 0.000773 1,154,000 
14 0.0129 43.2 225.5 0.000746 1,115,000 
15 0.0122 44.5 226.0 0.000720 1,082,000 
16 0.0115 46.1 226.5 0.000694 1,044,000 
17 0.0108 47.8 227.0 0.000668 1,007,000 
18 0.0101 49.2 227.5 0.000643 972,000 
19 0.00944 50.9 228.0 0.000618 938,000 
20 0.00883 52.6 228.5 0.000595 905,000 
21 0.00823 54.4 229.0 0.000572 873,000 
22 0.00766 56.1 229.5 0.000549 841,000 
23 0.00711 57.9 230.0 0.000526 809,000 
24 0.00658 59.9 230.0 0.000500 772,000 
25 0.00608 61.7 231.0 0.000493 750,000 
26 0.00559 63.7 231.5 0.000463 721,000 
37 0.00513 65.6 231.5 0.000439 687,000 
28 0.00469 67.7 232.0 0.000420 661,000 
29 0.00427 69.6 232.0 0.000399 629,000 
30 0.00387 72.7 233.0 0.000385 611,000 
31 0.00348 73.9 233.0 0.000364 580,000 
32 0.00312 75.8 233.0 0.000345 553,000 
33 0.00278 78.0 233.5 0.000330 532,000 
34 0.00245 80.0 233.8 0.000314 09,000 
35 0.00213 82.1 234.0 0.000297 487,000 
36 0.00184 84.1 234.3 0.000283 466,000 
37 0.00155 86.4 234.5 0.000269 446,000 
38 0.00128 88.4 234.8 0.000255 427,000 
39 0.00103 90. ; 234.9 0.000242 408,000 
ta 
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drums, any variation in speed must be met with changes in the 
temperature of the drums if the final dryness of the product is to 
be maintained the same. To effect this, the steam pressure in 
the drums is changed. Consider, as in the previous example, 
a 60-in. drier with a shell thickness of 1.125 in. The usual values 
for the initial and final consistency of the sheet are 28 and 92 
per cent, respectively. Using these values, the calculation of 
the average surface temperature from Equations [3] and [4] shows 
that an empirical relationship between ¢,, t, and V can be ob- 
tained which is strictly accurate between the limits set. Thus 
for the foregoing conditions, the average surface temperature ¢, 
can be represented as 


= (0.9552 — 0.000144V’)t; + 0.0314V’ + 1.48 
and for a 48-in. drier 
= (0.942 — 0.0001616V’)t, + 0.03854V’ + 2.81 


where V’ = speed, fpm. The two equations just given can be 
used at all speeds between 600 and 1200 fpm, and for values of 
t, usually encountered. 
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DETERMINATION OF PAPER TEMPERATURE 


In its passage over the drum, the paper is held in firm contact 
with the surface of the shell, and the surface resistance to heat 
transmission is negligible. Also, since the paper is very thin 
(between 0.003 and 0.007 in.), the average temperature of the 
paper may be considered as its surface temperature. 

Referring to Fig. 5, let C = contact length on the drum, ft; 
P = thickness of the paper, ft; ¢,’ = temperature at which the 
paper leaves the shell surface, F; K, = coefficient of heat trans- 
mission through the paper, Btu per sq ft per deg F per hr; S, = 
specific heat of the paper, Btu per lb per deg F per hr; W, = 
specific weight of the paper, lb per cu ft. Consider an element 
of paper of surface area dA. If the felt is considered as a perfect 
insulator, all of the heat transmitted from the drum to the paper 
is used in raising the paper temperature from ¢t, to t,’. The 
heat transmitted from the shell surface to the surface of the paper 
is 


t,—t 
log, 


t, — 


0 


and the heat absorbed in raising the temperature of the paper is 


(t,’ —t,) S, PaAW, 


Therefore 
t.’ 
K, dA = —1,)S,PdAW, 
a 
Be 
and 
t,—t CK 


Consider a speed of 1200 fpm. From Table 1 it is seen that 
on the twenty-fourth drier the paper has a composition of ap- 
proximately 60 per cent dry fiber and 40 per cent water, and that 
t, = 230 F. The evaporation temperature t, is 180 F. For a 60- 
in. drier, C = 7.85 ft, approximately. The paper thickness = 
(0.007/12) ft, the specific weight W, = 28 lb per cu ft, the ther- 
mal conductivity of water? = 4, and the thermal conductivity 
of oak, which may be considered a reasonable value for dry fiber,* 
= 2.5. Using these values, the composite thermal conductivity 
of the paper c, = (4 X 0.4) + (2.5 X 0.6) = 3.1, and the co- 
efficient of heat transmission through the paper K, = @/z, = 
3.1/0.007 = 442.8 Btu per sq ft per deg F per hr. 

Similarly, the specific heat of dry fiber S, = 0.34 Btu per lb per 
deg F, and the composite specific heat = (0.4 X 1) + (0.6 X 
0.34) = 0.604 Btu per lb per deg F. 

Substituting these values in Equation [5] 


or t,’ = 229.6 F, that is, with the driers in actual use, there is 
always sufficient time for the paper to attain very closely the 
temperature of the shell surface. In the calculations to follow, 
it will now be considered that the final (maximum) temperature 
of the paper is equal to the temperature of the drum surface. 


Dryina PerrorMANCE OF A ComMpLETE Drier BANK 


Consider any square foot of paper passing over a drier drum. 
The heat absorbed by the paper in its passage over the drum is the 
sum of the heat utilized in evaporating moisture from the paper 


7 Kent’s Mechanical Engineers’ Handbook p. 602. 
5 Ibid., p. 630. 
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and the heat radiated to the air in the interroll space. The heat 
radiated to the air in the interroll space is small enough to be 
neglected. Then, if e = weight of water evaporated from 1 sq ft 
of sheet for any given drum, lb; andl, = latent heat of vaporiza- 
tion at the evaporation temperature ¢t,, Btu per lb; then, the 
heat absorbed by the paper in its passage over the drum is 


and 


t, —t,) (¥ + W,S 


If Y; = the initial water content of the paper entering the drier 
bank, lb per sq ft; Y, = final water content of the paper leaving 
the drier bank, lb per sq ft; Y2 = water content of the paper on 
No. 2 drier, Ib per sq ft; and Y, = water content of the paper 
on the nth drier, lb per sq ft; then, the water evaporated from 
the paper on the first effective drier is 
(t, —t,) (¥; + W,S,) 
l 


and 
Since we have assumed an average value for t¢,, it can be said that 
(t, —t,)/l, = a constant = M 
and 
MW,S, = a constant = R 
Then 
Y, = Y¥,(i— M)—R 
On drier No. 2, the water evaporated is 
— 


W,S)) MY, + R 


a= 


The weight of water in the sheet leaving the second drier, after 
complete evaporation has taken place, is 


Y; = = (1 — M) —R = Y;, (1 — M)? 


—R(—™M)—R 
Similarly, the water in the sheet leaving the nth drier is 
= Y,(1 M)*— R(1 — M)*-!— RIL — M)*- 2? 4+..... 
—R(1—M)—R........ [7] 


But, if m = number of effective driers in the drier bank, then 

Yn+i1 = Y,, so that 

Y, = Y;(1 — M)*— — M)*~! + (1 — + ....... 
+ (l1— M) +1]........ [8] 

If Equation [8] is multiplied by (1 — M) and subtracted from 

Equation [7], then 


Y,M = —Y, (1 — M)"*! + — M)*+ R(L— M)"—R 
= (1— M)" (Y,M + R)—R 
from which 
YM+R 
( YM+R 


and 


M + R) — log(¥M + R) 
log(1 — M) 


: 
230 — 180 
log, = 4.89 
230 — 
PS 
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Substituting for M and R# and simplifying 


_ log(¥, + W,S,) —log(Y, + W,S) 
log(1, t,) log l, 


Thus, the number of effective driers required can be calculated 
from Equation [9] if the initial and final moisture content of the 
sheet, the steam temperature in the shell, and evaporation tem- 
perature t, are given. 


EVAPORATION TEMPERATURES 


The evaporation temperature is made a function of the machine 
speed only, and its values may be determined as follows: 

At a speed of 1200 fpm the average evaporation temperature 
is 180 F. This value has been determined from the performance 
data of actual machines, and is assumed as a datum from which 
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Fie. 6 SurFace COEFFICIENTS AND EVAPORATION TEMPERATURES 
AT VARIOUS PAPER SPEEDS 


to calculate evaporation temperatures at other speeds. It has 
also been demonstrated that the rate of evaporation increases 
directly as the air velocity. Carrier® gives the factor 1 + (V’/ 
230). The greater the time interval between driers, the greater 
will be the drop in temperature of the sheet, and the lower will 
be the evaporation temperature. Then 

1200 


t,at1200fpm 1 + (V’/230) 1200 
t,at V’fpm + (1200/230) V’ 


and the required evaporation temperature is 


180V’ 
° 193 + 0.84V’ 


These values are plotted in Fig. 6. Therefore, values of the 
evaporation temperature within the usual range can be obtained 
directly from Fig. 6. It is to be noted that the calculated 
evaporation temperature is an average temperature. There 
will be an actual gradient, ranging from a high value of the 
evaporation temperature at the instant the sheet leaves the 
drum, to successively lower values as the sheet cools. 

The evaporation temperature is considerably higher than the 
temperature of the air leaving the hood. The water vapor will 
therefore tend to cool, losing some of its sensible heat to the air, 
and the actual heat content of the vapor leaving the drier nest 
will be the sum of the total heat corresponding to the partial 
pressure of the vapor and the heat in the dry air. The pos- 
sibility that this vapor contains some superheat may be neglected. 

It should be added that the calculated values of the evaporation 
temperatures are based on an incoming air temperature of 110 F, 
which is the temperature usually found in practice. 


PREHEATING 
As stated previously, the paper leaves the last press at a 
* Kent’s Mechanical Engineers’ Handbook p. 1448. 
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temperature between 60 and 100 F, and is heated to the evapora- 
tion temperature ¢, before evaporation of the moisture begins. 
The driers required for this purpose are called the preheating 
driers. 

Let T; = temperature of the paper leaving the last press, F; 
tm, = final temperature of the paper leaving preheater drier 
No. 1; and t;’ = steam temperature in the preheating driers. 
The steam temperature 4,’ is usually lower than ¢, because of the 
fact that rapid heating of the wet sheet causes the fibers to stick 
to the drum, and also produces a wrinkling of the paper; for 
this reason, flash steam from the condensate removed from the 
effective driers is used in the preheating driers. Then, from 
Equation [3] 

K’'A, + k,’Ay 


From Equation [5], the actual paper temperature leaving drier 
No. 1 may be determined as follows: 


toe, 


For a given set of conditions 


ee constant = D 
= constant = 
S,PW, 
Then 
fr Ti _ piv 
te: — tp 
and 


te, (eP/¥ —1) + 7, 
pl = 


Equations [11] and [12] can be solved for t,. 

The number of preheating driers necessary can now be cal- 
culated by determining the drier on which f,, is equal or greater 
than ¢,. From this point on, evaporation takes place. For 
example, take t;’ = 220 F (2 lb per sq in. gage), 7, = 80 F, speed 
= 1200 fpm, and 60-in. driers. From Equations [11] and [12] 
it is found that fa: = 176.5 F and t,, = 162.5 F. Similarly, ta: = 
201.5 F and tp, = 197 F. In this case, t = 180 F, and there- 
fore only two preheating driers are necessary. 


t 


DryinG EFFICIENCY 


The total heat input to a drier drum is the sum of the heat 
carried away by the moist paper and the heat added to the air 
by radiation and convection from the uncovered surface. If Ay 
= total uncovered surface of a single drum, including the ends, 
sq ft; W = width of dried sheet, ft; and Y, = water content 
of the sheet corresponding to the average temperature f,, lb per 
sq ft; then, the heat input to any drum is 


Q = k(t, —t)Ay + (ta —t.)(¥ + WS) VW...... [13] 


A curve giving the heat input Q to any drum in a complete drier 
bank is shown in Fig. 4, from which it may be seen that the drum 
on which the average surface temperature is obtained will also 
give approximately the average heat consumption. In this case, 
the total heat consumption for n, effective driers is approximately 


Qe = Qn, = — t.)[k.’Ay + VW(Y, + W,S,)]...-. [14] 


The heat input to the preheating driers may be approximated by 
considering only the heat used in raising the paper temperature 
from 7) to t,, and neglecting radiation to the air. In this case 
the total heat input to the preheater drums is 


Q, = — + W,S)VW..........- [15] 


9 
n 
Rate 
ak 
= 
. 
ace, 
x 


The efficiency of the complete drier bank is 


heat used in evaporating water 


Qe Q, 


.. [16 
total heat input 6] 


RATE OF DRYING 


It was stated previously that there is a maximum rate at which 
the moisture in the sheet can be evaporated without injury to the 
sheet due to steam bubbles. If X = maximum permissible 
rate of evaporation, lb of water per sq ft of sheet per hr, the free 
interroll space Z,, as shown in Fig. 5, must be such as to allow 
the water actually evaporated to leave at a rate equal to, or less 
than, X. But 


Z, = (t, — t,) (¥ + W,S,) 
l, 
so that 
V(t, —t,)(Y + W,S, 


By substituting for known conditions in Equation [17], the 
minimum drier spacing which allows sufficient time for the 
escape of the steam formed, can be determined. 


2—PRACTICAL APPLICATION OF THE DRYING FORMULAS 


In the manufacture of newsprint, the fixed charge is today the 
largest single cost. Modern newsprint machines operate at 
speeds ranging from 900 to 1400 fpm but greater speeds will 
doubtless be realized in the future. By reason of the uniformity 
of the product, the conditions of operation can be fixed, thus 
permitting the machine designer to set definite limits to the 
drying problem. The paper machine itself is the costliest piece 
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Fig. 7 INFLUENCE OF PapER WETNESS ON THE THEORETICAL 


NUMBER OF DRIERS 


(Speed = 1200 fpm; drum diameter = 60 in.; final consistency = 92 per 
cent; and weight of paper = 32 lb per 3000 sq ft of air-dry paper.) 


of equipment in the mill. The authors’ experience has been 
largely with newsprint; hence, the following calculations and 
data are solely for a sheet consisting of about 10 to 20 per cent 
chemical pulp and remainder ground wood pulp. The weight of 
the sheet (32 Ib) is expressed as the weight of 3000 sq ft of air-dry 
paper. The finished sheet is about 0.003 in. thick. In order to 
dry out wet streaks, the tendency is to overdry the paper and 
then permit the dried sheet to regain moisture by passing over a 
shell known as the “sweat drier’ through which cold water is 
circulated. This fact is ignored in the following charts. 

Fig. 4 illustrates theoretical drier performance. Loose felts, 


poor drainage of condensate can, and do, alter the actual perform- 
ance of each drier. 
first calculated. 


From Equation [9], the number of driers was 
Referring to Fig. 4, ordinates from the number 
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of the drier to each curve represent the average conditions on that 
drier. The surface temperature curve ¢, is calculated from 
Equations [3] and [4]. The heat-unit curve Q shows the heat 
transmitted by each drum, calculated from Equation [13]. 
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Fic. 8 Actruat NUMBER OF DRIERS ON REPRESENTATIVE MACHINES 
ComMpPpaRED WITH THEORETICAL NUMBER OF DrieRS COMPUTED BY 
AutTHORS’ EQuaTIONS 


(Theoretical curve based on the following conditions: Diameter of driers = 

60 in.; steam pressure in drums = 10 lb per sq in. gage; initial consistency 

of paper = 28 per cent; final consistency of paper = 92 per cent; number of 

preheating driers = 2; number of effective driers = ne; total number of 

driers = np + ne + 1 sweat drier; weight of paper = 32 lb per 3000 sq ft of 
air-dry paper.) 


The water evaporated on each drum is given by curve e, calcu- 


lated from Equation [6]. The consistency curve C indicates the 
mean percentage by weight of bone-dry fiber in the sheet on each 
drier. For specific design, this curve can be assumed, and the 
steam supply and drainage system designed to give the required 
shell surface temperatures which will conform with the assumed 
curve. Fig. 7 shows a curve the abscissas of which represent 


TABLE2 ACTUAL NUMBER OF DRIERS IN VARIOUS MACHINES 


COMPARED WITH THE NUMBER OF DRIERS CALCULATED BY 
AUTHORS’ FORMULAS 


Drier Actual 
diam., Speed, no.of —Theoretical no. of driers*—~ 

Mill no. in. fpm driers ne np n 
1 60 1120 44 37.8 2 41 
2 60 1280 50 41.7 2 45 
3 60 900 36 32.7 2 36 
4 60 800 26 30.6 2 34 
5 60 1170 46 39.2 2 43 
6 60 1040 40 36.1 2 40 
7 60 1040 46 36.1 2 40 
s 60 1200 46 39.5 2 43 
9 60 1000 40 35.1 2 39 
10 60 1100 44 37.4 2 41 
ll 60 750 32 29.7 2 33 
12 60 850 36 31.0 2 34 
13 60 750 28 29.6 2 33 
14 60 1050 40 35.9 2 39 
15 60 1050 45 35.9 2 39 
16 60 1000 48 35.1 2 39 
17 60 750 32 31.9 2 35 
18 60 700 32 RY 2 31 
19 60 750 32 31.9 2 35 
20 60 935 32 33.25 2 37 
21 60 800 40 31.0 2 34 
22 60 630 36 25.9 2 29 
23 60 800 36 31.0 2 34 
24 60 1100 44 37.4 2 41 
26 60 650 32 26.6 2 30 
26 60 1000 42 35.1 2 39 
27 48 675 32 28.0 2 31 
28 48 600 30 25.9 2 29 
29 48 650 32 27.3 2 31 
30 48 775 32 31.0 2 34 
31 48 600 32 25.9 2 29 
32 48 600 28 25.9 2 29 
33 48 630 28 26.7 2 30 
34 48 725 40 29.7 2 33 
35 48 640 30 27.25 2 3i 
36 48 745 40 30.5 2 34 
37 48 580 28 25.3 2 29 
38 48 825 32 32.1 2 36 
39 48 725 32 29.3 2 33 


@n = ne + np + 1 sweat drier. 

Nore: Operating conditions of all machines: Steam temperature in 
effective driers, t: = 240 F; initial consistency of paper = 28 per cent, final 
consistency of paper = 92 per cent; weight of paper = 32 lb per 3000 sq ft of 
air-dry paper (newsprint). 


di = 
4 
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increasing increments of wetness of sheet entering the driers; 
the ordinates are the number of drier cylinders required. 

Table 2 gives the drier diameter, operating speed, theoretical 
and actual number of driers, for a number of representative news- 
print machines operating under the following conditions: An 
average steam temperature of 240 F, a newsprint of 32 lb basis 
weight, initial bone-dry consistency of 28 per cent, and final con- 
sistency of 92 per cent. These data are used in calculating the 
values given in the column for ne. The actual and theoretical 
number of driers have been plotted in Fig. 8 with the known 
operating speeds as a base. It will be noted that above 1000 
fpm the actual number of driers are all above the line, indicating 
that the drying capacity is excessive or that the speeds for which 
the machines were designed have not been attained. The slow- 
speed machines on the other hand appear to have a speed greater 
than the original design speed. However, in the case of machines 
using exhaust steam for drying, a low back pressure may account 
for the larger number of driers. Fig. 8 would appear to amply 
demonstrate the validity of the equations presented. 

These equations may also be used for vacuum drying. For ex- 
ample, given a speed of 1000 fpm, a drier diameter of 60 in., a 
27 in. vacuum, initial and final consistencies of 28 per cent and 
92 per cent, respectively, and a newsprint sheet. Vapor will 


leave the sheet at a temperature of 114 F. Assume a steam tem- 
perature of 240 F. By calculation, t, = 220.6 F. Substituting 
for known values in Equation [9], the number of driers is equal to 
18 plus 1 preheating drier. An actual installation has twenty-two 
60-in. driers. 

It is probable that there is some relation between the drum 
diameter and the speed, other things being equal. Equation [5] 
can be used to plot the temperature gradient of the wet sheet on a 
given drier. It is conceivable that with a large drier at slow 
speed the incremental gain of heat by the wet sheet toward the 
end of the contact cycle may fall so rapidly that the last 2 or 3 
ft of contact length are practically sterile. Perhaps a greater 
drying capacity per unit area may be realized by combining a 
number of large and small driers. In actual practice, however, 
the design of the drying system should be correlated with the heat 
recovery from the air used to carry away the moisture as well as 
the design of the hood over the drier section. 

A similar analysis has been made for pulp-drying machines 
and the calculated data obtained agree in a gratifying manner 
with known operating conditions. It is hoped that this theo- 
retical outline may serve as a stimulus and perhaps as a guide to 
those who have at their disposal adequate facilities for experi- 
mental work. 
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The Thermal Conductivity of Liquids 


By J. F. DOWNIE SMITH,! CAMBRIDGE, MASS. 


New data on the thermal conductivities of several liquids 
are presented in this paper. A compilation of these values 
together with those of previous experimenters yields a large 
list of liquids the thermal conductivities of which have 
been determined. This list should be of interest to many 
engineers and physicists. An analysis of theoretical and 
empirical equations for predicting thermal conductivities 
of liquids is included in the paper. 


of any equations developed for predicting the thermal con- 

ductivity of a liquid was not possible, mainly because of the 
lack of a sufficient number of reliable experimental data. For 
this reason, a large number of liquids have been tested experi- 
mentally in apparatus described previously (1, 2).2 This con- 
sisted of two concentric copper cylinders, separated at the ends 
by thin German silver, with an annular space '/¢, in. thick and 
1'/, in. long, between them. The liquid to be tested is passed 
into this space. A heating wire through the center of the inner 
copper cylinder supplies the required heat, and the temperature 
difference of the two copper cylinders is obtained by means of 
thermocouples. The temperature difference is ordinarily about 
0.6 C, so that convection is negligible. The author made a few 
changes in the apparatus to permit greater accuracy. These 
changes included the installation of a vacuum-tube relay in 
the thermostat circuit to minimize fouling of the mercury and 
permit closer temperature control; and a reduction in the num- 
ber of contacts in the electrical circuits to reduce variable resist- 
ances and thermal effects. During tests the equipment operated 
remarkably well. For example, it was possible to check the 
temperature difference of the two junctions of the thermocouple 
to one fiftieth of 1 C for 15 min at a time, and during a run of 
perhaps 3 min, a variation of less than one hundredth of 1 C was 
common. 

The liquids tested were chosen for several reasons. One reason 
was that few conductivities had ever been obtained for liquids 
for which the velocity of sound has been determined, thus making 
it difficult to check the formulas which involve this factor. An- 


| HAS been evident for some time that a satisfactory check 


1 Instructor in Mechanical Engineering, Graduate school of engi- 
neering, Harvard University. Mem. A.S.M.E. Dr. Smith was form- 
erly employed by the Albion Motor Car Company, Ltd., of Glasgow. 
He was graduated from the Royal Technical College and from Glasgow 
University in 1923, and then came to the United States, where for one 
year he was engaged in machine and tool designing. He served as 
assistant professor of experimental engineering at the Georgia School 
of Technology for two years; as assistant professor of engineering 
drawing at Virginia Polytechnic Institute for two years; and as as- 
sistant in mechanical engineering for two years, research fellow for 
two years, and instructor in mechanical engineering for four years in 
the Harvard Engineering School. He received the degrees of S.M. 
and §.D. from Harvard University in 1930 and 1933, respectively. 

? Numbers in parentheses refer to Bibliography at the end of the 
paper. 

Contributed by the Heat Transfer Committee of the Process In- 
dustries Division for presentation at the Annual Meeting of THe 
AMERICAN Society oF MECHANICAL ENGINEERS, to be held in New 
York, N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 11, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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other reason was to complete a series already started by the 
author and others. A third reason was to supply data of inter- 
est to chemical and mechanical engineers, and to physicists. 


THERMAL CoNDUCTIVITY OF PARAFFIN AND BENZENE SERIES, 
Liquips 


The two main series tested were the paraffin series and a ben- 
zene series. The complete data are given in Table 1. The n- 


TABLE 1 NEWLY DETERMINED THERMAL CONDUCTIVITIES 
OF LIQUIDS 
Thermal Thermal 
conduc- conduc- 
tivity, tivity, 
cgs cgs 
Temp, units Temp, units 
Substance Cc x 106 Substance Cc x 108 
n-Heptyl] alcohol® 30 383 Bromobenzene? 30 306 
60 377 60 300 
100 369 100 291 
n-Octaneb 30 342 lodobenzene* 30 288 
60 328 60 284 
100 309 100 280 
n-Nonane*® 30 338 Nitrobenzene® 30 391 
60 325 60 382 
100 312 100 365 
n-Decane® 30 335 Ethylbenzene* 30 355 
60 320 60 338 
100 306 100 326 
n-Decaned 30 351 Nitromethane* 30 515 
60 343 60 495 
100 328 
n-Dodecane* 30 352 Eugenol@ 30 384 
60 345 60 383 
100 335 100 381 
Methylceyclohexane* 30 305 Paraldehyde* 30 346 
60 294 60 338 
ene ware 100 322 
Benzene® 30 380 Chlorinated di- 30 294 
60 360 phenyl 1242¢ 60 297 
100 300 
Fluorbenzene® 30 343 Chlorinated di- 30 281 
60 328 phenyl! 1248¢ 60 284 
100 288 
Chlorobenzene® 30 346 Mobiloil Bs 30 374 
60 334 60 370 
100 321 100 367 


@ Obtained from Eastman Kodak Company. 

+ Obtained from General Motors Research Laboratory. 

¢ Obtained from the Pennsylvania State College. 

@ Obtained from the U. 8. Bureau of Standards. 

* Obtained from the Swann Chemical Company. 

f Obtained from the Massachusetts Institute of Technology. 


heptyl alcohol was tested in order to see that the equipment was 
operating properly, and the check with the values of Daniloff (3) 
is considered satisfactory. The footnotes in Table 1 tell where 
the various liquids were obtained. 

The liquids obtained from the Eastman Kodak Company were, 
in general, of their best purity, although some of the liquids ob- 
tained there were listed as ‘“‘practical,”’ which are considered suit- 
able for laboratory work. 

The n-decane obtained from the Bureau of Standards was given 
to the author by Dr. B. J. Mair, American Petroleum Institute 
Project No. 6, who wrote (4) that it was not of the highest purity, 
but was much purer than that available commercially. The 
thermal conductivity k of the n-decane obtained from the East- 
man Kodak Company differed in value from that of the Bureau of 
Standards by a little less than 5 per cent. Impurities can easily 
account for such a difference, and the sample from the Eastman 
Kodak Company was of unknown purity. 

The n-octane was of high purity, synthesized by Paul L. 
Cramer, and was supplied by T. A. Boyd of the staff of the Gen- 
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eral Motors Research Laboratory. The thermal conductivity 
checks rather closely with that previously obtained by the author 
(1). 

The two chlorinated diphenyls were given by the Swann Chemi- 
cal Company. Note (Table 1) that the thermal conductivity of 
each has a positive temperature coefficient; only water, glycerol, 
and p-cymene have previously shown a positive coefficient at 
room temperatures. 

The n-nonane, n-dodecane, and methyleyclohexane were sup- 
plied by Prof. M. R. Fenske’s laboratory at the Pennsylvania 
State College through C. O. Tongberg. Mr. Tongberg estimated 
the purity of the n-nonane (np?° 1.4070) to be better than 90 
mol per cent, the purity of the n-dodecane (np*° 1.4219) to be 
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Fic. 3 THERMAL CONDUCTIVITY OF THE BENZENE SERIES 


better than 97 mol per cent, and the purity of the methyleyclo- 
hexane (np*° 1.4234) to be better than 99 mol per cent. 

Notice that the value for n-nonane is lower than might be ex- 
pected for a pure liquid in this series. Mr. Tongberg claims (5) 
that the impurities expected are probably saturated cyclic com- 
pounds such as isopropyleyclohexane and 1,2,3 trimethyleyclo- 
hexane. Since methylcyclohexane has a much lower thermal 
conductivity than the nonane, it would be expected that the 
value for the 90 per cent n-nonane would be low. It is 2.5 per cent 
less than the value obtained from the smoothed curve, Fig. 1. 

The Paraffin Series. In Fig. 1 are shown values of thermal con- 
ductivity k of the paraffin series plotted against the number of 
carbon atoms in the molecule. Because of the uncertainty of n- 
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TABLE2 THERMALCONDUCTIVITY OF THE PARAFFIN SERIES 


Thermal conductivity, cgs units 106 
Substance At 30C At 60C At 100 C 


n-pentane CsHi: 


322 
n-hexane CeHis 329 
n-heptane C7rHis 336 327 
n-octane CsHis 342 333 309 
n-nonane CsHeo 347 338 320 
n-decane Cio 351 343 328 
n-undecane 354¢ 346° 3334 
n-dodecane Ci:Ho« 355 347 335 


* Obtained by interpolation from smooth curves in Fig. 1; no experimental 
verification is available to check this value. 


nonane, it has been excluded. Some of the values have been 
obtained previously: The n-hexane by Smith (1); the n-pentane 
by Bridgman (2); and the n-heptane from the International 
Critical Tables (6). A study of Fig. 1 shows that a direct correla- 


TABLE 3 PROPERTIES OF MOBILOIL B AND CHLORINATED 
DIPHENYLS TESTED 
Specific 
Molec- Density, Viscosity, heat, cal 
ular Temp g per centi- per g per 
Liquid weight ee poises deg 
20.0 0.899 486 at27C 0.47 
40.0 0.887 210 0.48 
Mobiloil B 500 60.0 0.875 69 0.50 
80.0 0.864 30 0.52 
100.0 fue 15 0.54 
25.0 1.38 
Chlorinated diphenyl 257.35 183 1.35 
1242 37.8 ep 23.60 
98.9 2.73 
18.5 1.457 
65.0 1.408 
Chlorinated diphenyl 292.80 J21.1 414.0 
1248 37.8 66.0 
54.4 21.5 
98.9 4.5 


tion obviously exists. The author recommends the thermal 
conductivities obtained from the smoothed curves in Fig. 1 and 
listed in Table 2. 

It will be noticed that the maximum departure of the experi- 
mental points from the smoothed curves is only 1.6 per cent, and 
the two points which do depart by this amount lie on opposite 
sides of the central line. 

A somewhat straighter line is obtained by plotting thermal 
conductivity k against molecular weight as shown in Fig. 2. 
Because of the 10 per cent impurity of the n-nonane, the experi- 
mental values for it have been omitted from the graphs. The 3 
per cent impurity in the n-dodecane permits us to depart slightly 
from the observed value, since impurities are probably responsible 
for the slightly low value obtained (less than 1 per cent from the 
smooth curve). The value for n-decane is that obtained for the 
sample from the Bureau of Standards, since Dr. Mair (4) claims 
better purity for it than is available commercially. 

The Benzene Series. The results of the thermal-conductivity 
tests of the benzene series are plotted in Fig. 3. The peculiar dip 
in the curves would seem to indicate an error of about 6 per cent 
in the determinations for fluorbenzene. This, however, is not 
the case, for the tests on fluorbenzene were rerun, and the values 
at 30 C checked to closer than 0.33 per cent; and the departure 
from a mean at 60 C was not much greater. Asa matter of fact, 
benzene, fluorbenzene, chlorobenzene and bromobenzene were all 
run twice. Notice the gradual approach of the curves to one 
another as molecular weight increases. In other words, as the 
molecular weight increases, the temperature coefficient decreases. 


MISCELLANEOUS INFORMATION 


Table 3 shows the properties of Mobiloil B supplied by Bays 
(20) and information on two chlorinated diphenyls, furnished by 
the Swann Chemical Company (21); the values of density and 
viscosity in the latter case being approximate only. The prop- 
erties of the other liquids tested have been published in the vari- 
ous references of the Bibliography. 
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75 310 

Transformer oil 12 290 
No. 2 15 290 
20 290 

50 290 

75.285 
Transformer oil 12 300 
No. 3 15 300 
20 300 

50 290 

60 290 

75 290 

Paraffin 12 300 
15 300 

20 300 

75 260 

Paraffin oil, acid 0 300 
free 20 297 
40 294 

60 291 

80 288 

100 284 

120-281 
Medicinal paraffin 0 301 
20 300 

40 300 

60 300 

80 299 

100 299 


Smooth curve in Fig. 1. 


kX 108, 
Temp, 
Liquid C units) Observer 
n-pentane 30 322 Author 
60 312 
n-hexane 30 329 Author 
60 320 
n-heptane 30 336 Author 
60 327 
n-octane 30 342 Author 
60 333 
100 309 
n-nonane 30 347 Author 
60 338 
100 320 
n-decane 30 351 Author 
60 343 
100 328 
n-undecane> 30 354 Author 
n-dodecane Author 
Methyleyclohexane 30 305 Author 
60 294 
Gasoline No. 1 30 320 =Daniloff, 
Smith (13) 
Gasoline No. 2 30 318 Daniloff, 
Smith (13) 
Kerosene 30 357 Bridgman (2) 
75 333 
Mobiloil B 30 374 Author 
60 370 
100 367 
Rabbeth spindle oil 30 341 Smith (1) 
75 338 
100 333 
Velocite B 30 341 Smith (1) 
75 338 
100 331 
Medium cylinder 0 370 Kaye and 
oil 20 366 Higgins 
40 363 (14) 
60 360 
80 357 
100 354 
120 351 
140 348 
160 345 
180 342 
200 339 
Red oil 30 337 Smith (1) 
75 335 
100 329 
Light heat-transfer 30 316 Smith (1) 
oi 75 312 
100 309 
Transformer oil 30 324 Smith (16) 
60 321 
100 316 
Transformer oil 0 324 Kaye and 
20 320 Higgins 
40 316 (14) 
100 304 
Transformer oil 15 320 Davis (15) 
No. 1 20 32 
50 310 
60 


Davis (15) 


Davis (15) 


Davis (15) 


Kaye and 
Higgins 
(14) 


Kaye and 
Higgins 
(14) 


Liquid 
Medicinal paraffin 


Castor oil 


Olive oil 


Turpentine 


Methyl! alcohol 
Ethyl] alcohol 


n-propylalcohol 


Isopropylalcohol 


n-butylaleohol 
Isobutylalcohol 


n-amylalcohol 


Isoamylalcohol 


n-hexylalcohol 
n-heptylalcohol 
n-octylalcohol 
n-nonylalcohol 


Benzene 
Fluorbenzene 


Chlorobenzene 
Bromobenzene 
lodobenzene 

Toluene 
o-xylene 


m-xylene 


Ethylbenzene 
Nitrobenzene 


Water 


* The numbers in parentheses following the observer's name refers to the Bibliography 
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TABLE 4 THERMAL CONDUCTIVITIES OF LIQUIDS 


kX 104, 
Temp, cgs 
Cc units Observer® 
120 299 
140 298 
160 298 
180 298 
0 437 Kaye and 
20 432 Higgins 
40 428 (14) 
60 424 
80 420 
100 415 
120 411 
140 406 
160 402 
0 405 Kaye and 
20 402 Higgins 
(14) 


Liquid 


140 385 
160 382 
180 379 
200 376 
12 303 Weber, Chree 
Graetz, 
C.T. (6) 
30 503 Bridgman (2) 
75 492 
30 433 Smith, Bridg- 
75 416 man, Dani- Carbon disulphide 
loff (1, 2, 3) 
30 409 Daniloff (3) Carbon tetra- 
75 393 chloride 
30 367 Bridgman (2) Chloroform 
75 363 
30 377 Smith (1) p-cymene 
60 371 
30 400 Bridgman (2) 
75 391 
12 375 Weber, L.C.T. Dichlormethane 
(6) (meth ene 
30 388 Daniloff (3) chloride) 
75 375 Ethylene glycol 
100 368 
30 354 Bridgman (2) Ethyl acetate 
75 348 
30 362 Smith (1) 
75 358 
30 386 Daniloff (3) Ethyl bromide 
75 374 
100 368 Ethyl iodide 
30 389 Daniloff (3) 
75 376 Ether 
100 372 
30 398 Daniloff (3) Petroleum ether 
75 387 
100 375 Glycerol, Brit. 
30 401 Daniloff (3) pharm. 
75 391 
100 382 


Author 


30 343 Author 
60 328 
30 346 Author 


30 306 Author 
60 300 

100 291 
30 288 Author 


Bridgman (2) 


Glycerol 


Methyl chloride 


75 339 Eugenol 

30 357 Smith (1) 

75 338 

21 373 Goldschmidt, Paraldehyde 
L.C.T. (6) 

21 370 Goldschmidt, ’ 
1.C.T. (6) Nitromethane 

30 355 Author a 

60 Acetic acid 


30 Author 
60 382 
100 365 
30 1440 Bridgman (2) 
75 1540 
30 1440 Smith (1) 
75 1480 
12 1400 Davis (15) 
15 1400 
20 1400 
40 1470 
50 1500 
O 1450 Kaye and 
20 1490 Higgins (14) 


at the end of 


Acetone 
Amy] acetate 


Aniline 


Chlorinated di- 
phenly 1242 


Chlorinated di- 
phenyl 1248 


the paper. 


k X 108, 
Temp, cgs 
Cc units Observer? 
40 1530 Kaye and 
60 1560 Higgins (14) 
80 1600 
0 1320 Jakob (22) 
15 1380 
60 1560 
0 1390 Martin and 
15 1440 Lang (17) 
60 1590 
8.8 1370 Schmidt and 
18 1417 Sellschopp 
40 1512 (24) 
75 1593 
90 1625 
105 1643 


ne 
o 


Bates (25) 
Schmidt (27) 


Nukiyama 
and Yoshi- 
zawa (28) 

Bates (23) 

Bridgman (2) 

Goldschmidt, 
L.C.T. (6) 

bet L.C.T. 

) 

Smith (1) 

Kardos (26) 

Goldschmidt, 
1.C.T. (6) 

Stankevic, I. 

.T. (6) 

Weber, L.C.T. 
(6) 

Bridgman (2) 

Bridgman (2) 

Bridgman (2) 

Bridgman (2) 

Kaye and 


iggins 
(14) 


Kardos (8) 
Landolt- 


2 
1.C.T. (6) 
Bates (30) 


Kardos (26) 


Author 
Author 
Author 
Bridgman (2) 


Weber, I.C.T. 
(6) 

Goldschmidt, 
Ww 


Author 


Author 


> Obtained by interpolation from the 
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80 1575 
| 8 1340 ae 
78 1620 
30 382 
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12-330 
| 12 315 
30 322 
60 325 ad. 
0 376 
30 364 
0 633 
19 415 
30 286 
75 273 
30-265 
30 329 
75 322 
30 312 
75 302 
0 673 
60 695 
30 380 80 702 ae 
60 360 100 709 gent 
0 670 
60 334 20 695 : 
100 321 I tein 
20 680 
80 680 
60 284 -15 453 
100 280 0 428 
30-364 30 367 
| 60 383 
100s 381 
30 346 
100322 
22 
30-515 
60 495 
20. «411 
1UU 
30 429 
75 403 
12 342 
Mache, and ith 
Tagger, 
L.C.T. (6) 
0 412 and 
20 412 iggins eee: 
40 412 (14) 
60 297 
100 300 
60 284 ae 
100.288 
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NOMENCLATURE 


C, = inner repelling force of molecules, g 

c, = specific heat at constant pressure, cal per g per deg C 

K = volume compressibility, sq em per g 

k = thermal conductivity, cal per sec per sq cm per deg C 
per cm 

k, = thermal conductivity, Btu per hr per sq ft per deg F per 
in. 

m = mass of a molecule, g 

M = molecular weight 

= velocity of sound in the liquid, cm per sec 

= gas constant = 2.02 XK 107", ergs per deg C 

= density, g per cc 

= temperature, C 

= viscosity, centipoises 

= kinematic viscosity, centistokes 

= mean distance of separation of centers of molecules, as- 

suming an arrangement cubical on the average, cm 
6 = mean distance between edges of molecules, em 


THEORETICAL EQUATIONS 


Bridgman’s Theoretical Equation. In 1923, Bridgman (2) 
suggested the theoretical equation 


(1) 


where A = (m/p)'/*, And k is in ergs per sq em per sec per deg 
C/em. 

Bridgman tested eleven liquids, and showed that rough values 
of thermal conductivity could be obtained by using Equation 
[1]. The average error between the calculated and observed 
thermal conductivities of the eleven liquids was 16.6 per cent, 
with a maximum error of 38 per cent. 

The author has found thermal conductivities for several other 
liquids for which the velocity of sound was obtainable, and the 
check between Bridgman’s theoretical values and the observed 


the average error is 15.2 per cent, and the maximum error is 39 
per cent. The equation, it should be noted, gives absolute 
egs units; to convert to the ordinary cgs units, it is necessary 
only to divide by 4.183 & 10’, the conversion factor for ergs to 
calories. Thus, it would appear that Bridgman’s equation could 
be used satisfactorily if an accuracy of better than 39 per cent is 
satisfactory. It is very interesting and gratifying that an en- 
tirely theoretical equation should give results as close as those 
obtained to the observed values. 

Debye’s Theoretical Equation. In 1914, Debye (7) suggested 
a rather complicated equation for the conductivity of a solid 
which can readily be reduced to one exactly like Bridgman’s 
by substituting the liquid values for the solid ones, as Bridg- 
man (2) has pointed out, with the exception that the constant 2 


Temp @ 
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in Equation [1] is replaced by '/2. Thus Debye’s values are only 
one quarter of Bridgman’s and, since the latter gives the approxi- 
mate magnitude, Debye’s equation was not investigated further. 

Kardos’ Theoretical Equation. More recently, Kardos (8) has 
modified Bridgman’s theory, by allowing for the diameter of the 
molecules. In this theory the temperature gradient is increased 
from (d6@/dx),, the average through the liquid, to the gradient 
(dé/dx). as shown in Fig. 4. 

Kardos’ equation is 


values is shown in Table 5 for 28 liquids. It will be noticed that co een ee 2 
TABLE 5 CHECK OF THEORETICAL EQUATIONS 
by kobs equation kobs p 4 kobs 
k X 106 Bridgman’s x 100 6= 095 X xX 100 xX 108, x 104, k x 100, 
Liquid Temp, C observed equation percent 1078,cm_ per cent em em xX 10? per cent 
Water 21.5 1493 1492 100 1406 94 3.10 0.984 1456 98 
Methy! alcohol 19 506 669 132 515 102 4. 0.950 515 102 
Ethyl alcohol 15 439 589 134 542 123 4.57 0.834 476 108 
Propyl alcohol 20 413 449 109 504 122 4.98 0.758 402 97 
n-butyl alcohol 20 402 376 94 477 119 5.32 0.739 370 92 
Amy] alcohol 20 391 386 a9 523 134 5.64 0.665 366 94 
Carbon disulphide 20 386 522 135 334 87 4.63 0.802 282 73 
Carbon tetrachloride 0 263 255 97 233 89 5.37 0.733 180 68 
n-hexane 21 332 298 90 366 110 6.00 0.799 308 93 
n-octane 10 348 270 78 373 107 6.42 0.672 263 76 
Gasoline® 7.4 320 371 116 473 148 
Benzene 16.3 389 408 105 393 101 5.26 0.753 312 80 
Chlorobenzene 17 351 419 119 425 121 5.51 0.667 299 85 
Nitrobenzene 17.5 395 479 121 603 153 5.52 0.580 369 93 
Ethylbenzene 20 361 380 105 449 124 5.86 0.650 307 85 
Toluene 20.5 366 409 112 435 119 5.60 0.703 322 88 
Methylene chloride 0 376 455 121 360 96 
Glycerine 0 673 782 116 1371 204 4.94 0.501 723 107 
Ethyl ether 15 331 322 97 377 114 5.54 0.784 311 94 
Ethyl bromide 30 286 348 122 271 95 5.00 0.835 238 83 
Ethyl iodide 30 265 288 109 237 89 5.12 0.770 192 72 
Acetone 20.5 445 469 105 471 106 4.95 0.798 396 89 
Formic acid 648 637 98 625 95 
Chloroform 15 330 368 112 317 96 5.08 0.792 264 80 
Nitromethane 21 521 661 127 606 116 4.46 0.813 519 100 
Aniline 20.8 412 572 139 804 195 5.32 0.582 493 120 
Paraldehyde 21.5 348 318 91 500 144 6.03 0.655 340 98 
Ammonia 5b 1200 1562 130 1276 106 
Turpentine 15 303 460 152 
Average Average Average 
error error error 
= 15.2 = 23.4 = 12.5 
per cent per cent per cent 


Nore: Values of k are in cgs units, cal per g per deg C. 
* The velocity of sound was measured on another gasoline. 
+’ At 12 atm pressure, abs. 
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This is the same as Equation [1] except that 5 replaces A. How- 
ever, the experimental values for each of the terms were intro- 
duced directly in this case into Equation [2] rather than into 
Equation [1]. The difficulty in checking this equation lies in 
the finding of suitable values for 6. Kardos suggests that, as a 
first approximation, 6 be assumed constant, and equal to 
0.95 X 10-8 cm; he makes the further statement that 6 will 
not vary much for various liquids. Table 5 shows how calcu- 
lated values for 29 liquids, whose various properties have been 
determined, check experimental data. ‘The temperature is not 
the same in each case, and is added for convenience. The ther- 
mal conductivity of liquids varies rather slowly with change in 
temperature, whereas the variation in the velocity of sound with 
temperature is not well known. For this reason it was consid- 
ered to be safer to extrapolate and interpolate thermal conductivi- 
ties from reliable data to the temperature at which the velocity 
of sound had been determined. The extrapolation in thermal 
conductivity was ordinarily from 30 C, so the possible error was 
a small percentage of the recorded value. 

The average error in this case is 23.4 per cent, and the maximum 
error is 104 percent. Thus, it would appear that the assumption 
of constancy of 6 is not tenable if reasonably accurate data were 
wanted. Kardos attempted to figure more accurate values for 

for alcohols. He calculated A from A = (m/p)'/*, assuming 

an arrangement which on the average is cubical. He also states 
that the inner repelling force C; of the molecules is unchangeable 
fundamentally at equal pressures and equal temperatures for al- 
lied materials, and for alcohols and water C; = 8.84 X 107! g. 
He also claimed that 5 = C;K‘/*/A. The development of this 
relationship is not ‘at all clear to the author. Kardos stated 
that the linear compressibility, defined as the ratio of the change 
in length to the original length by a change in the outside pressure 
of 1 kg per sq em, is the third root of the ordinary volume com- 
pressibility K, defined as the ratio of the change in volume to the 
original volume by the same change in pressure. This is clearly 
a misstatement, for in the first place, the dimensions are wrong, 
and the order of magnitude is wrong. It is rather obvious that 
for a change of 1 kg per sq cm the change in volume divided by 
the original volume is AV/V, and if V = 13, then AV/V = 31? Al/I8 
= 3(Al/], and the linear compressibility is one third of the 
volume compressibility, not the third root. In spite of this, the 
author worked out the thermal conductivities for several liquids 
using the formula Kardos suggested for aleohols and water. 
This extension to other liquids, of course, was just to see what 
would happen on this basis. Table 5 shows the results. Notice 
that, outside of the error in the order of magnitude of ten thou- 
sand times, the average error for the liquids is only 12.5 per cent, 
so that this method of calculation, although it must be classified 
as semiempirical, gives a better average error than the assump- 
tion of constant 6. Notice that 6 calculated this way is about 
3000 times A for water, an obvious absurdity. 

It occurred to the author to investigate the possibility of us- 
ing K/3 for the linear compressibility, using the rest of Kardos’ 
development for the alcohols. It was found that the results ob- 
tained are again not of the proper order of magnitude, nor are the 
significant figures in this case anywhere near correct. 

When the author noticed this, he wrote to Dr. Kardos asking 
for an explanation: of his development of the theory, pointing 
out what appeared to be errors in reasoning and calculation. 

Kardos reexamined his development and concluded that it must 
now be considered invalid. He also stated that there must be 
an error in C), that it should be 8.84 X 10~"* on the kilogram basis 
and not 8.84 X 107! as stated in the original paper (8); that 
the units of C; could no longer be considered to be kilograms, but 
must be kg’/* x em‘/*, With those remarks, Kardos showed 
that the error in the decimal point was eliminated. 
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Kardos intends to continue work on this subject in an effort 
to obtain the physical significance of the equation; the close 
agreement with experiment would seem to indicate that there is 
such a physical meaning. 


GENERAL EMPIRICAL EQuaTIONS FOR NONMETALLIC LiIquIDs 


Weber’s Empirical Equation. H. F. Weber (9) suggested that 


k = 0.00359 ¢, [3] 


The values of k calculated by Equation [3] for different liquids 
are given in Table 6 together with experimental results. The 
average error between observed and calculated results is 20.1 per 
cent, and the maximum error is 51 per cent. Note that in only 
two cases is the error positive, whereas in 43 others the error is 
negative. For this reason the constant in the equation was 
changed to 0.0043, and the modified equation is 


k = 0.0043c, p [4] 


The agreement with experiment of this modified equation is also 
shown in Table 6. The average error has been reduced to 14.8 
per cent, and the maximum error is 41 percent. Thus this modi- 
fied equation is definitely better than Equation [3] suggested by 
Weber (9). It is obvious that the average error could be still 
further reduced by an increase in the size of the constant, but at 
the expense of increasing the maximum error. Thus, this modi- 
fied Weber equation gives errors of the same general size as Equa- 
tion 

Smith’s Empirical Equation. In 1930 Smith (1) suggested an 
entirely empirical equation 


¢ 1.55 


po- 22 


k at 30 C = 8.1 X 107 


This equation satisfied all the liquids for which data were at that 
time available; in all, 15 liquids with reasonable variation in 
physical properties. The agreement with experiment for every 
liquid except two oils was closer than 4.5 per cent. The oils 
gave errors of 3 and 20 per cent, respectively. In the original 
paper (1), the errors of the two oils were reported as 6 and 9 per 
cent, respectively, these values being based on an estimated 
specific heat which has since been determined experimentally 
by Prof. L. W. Cummings of Massachusetts Institute of Tech- 
nology, who supplied the author with the values obtained (10). 

Now that the thermal conductivities of many more liquids 
have been determined, it is possible to give this equation a more 
rigorous test. Unfortunately, in some cases the error obtained 
by it is rather large, and, since the author has found that Equa- 
tions [6] and [6a| of this paper give a closer check with ex- 
periment, he thinks it desirable to use them. 

Smith’s Dimensionless Equation. In 1931, Smith (11) derived 
an equation by dimensional analysis involving four dimension- 
less groups. At present sufficient data are not available to check 
it, or to find how each group affects the result. 

The Author’s Proposed Equation. The author could see little 
prospect of modifying the exponents of Equation [5] to satisfy 
all liquids, so he started on another track. By taking variations 
from approximate mean values, he found that 


— 0.45)" p/M — 0.20 


k at 30 C = 0.000361 
800 


This is equivalent to 


k = 0.000011 + 


— 0.45)" Vp/M 
155 800 10,000" 


pil —]1 6 
+ ——..........[6] 
10,000 
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TABLE 6 CHECK OF GENERAL EMPIRICAL EQUATIONS 


Weber's 
Weber's modified Smith's 
equation® equation> equation® 
Keale keale keale 
kobs kobs kobs 
kX 108 100, xX 100, 100, 
ob- x per per x per 
Liquid served 106 cent 106 cent 10¢ cent 
peters 322 258 80 309 96 367 114 
n-hexane 329 243 74 291 88 350 106 
n-heptane 336 237 71 284 85 343 102 
n-octane 342 232 68 278 81 336 98 
n-nonane 347 230 66 276 80 330 95 
n-decane 351 228 65 273 78 327 93 
n-undecane 354 225 64 270 76 323 91 
n-dodecane 355 225 63 270 76 322 91 
Gasoline No. 1 320 252 79 302 94 
Gasoline No. 2 318 258 81 309 97 ay ae 
Mobiloil B 374 183 49 219 59 360 96 
Rabbeth spindle oil 341 192 56 230 67 325 95 
Red oil 337 174 52 208 62 363 108 
Transformer oil 324 235 72 281 7 361 111 
Methyl alcohol 503 495 98 593 118 495 98 
Ethyl alcohol 433 429 99 514 119 455 105 
ropyl alcohol 409 404 99 484 118 439 107 
uty! alcohol 400 371 93 444 111 415 104 
Tsobutyl alcohol 3754 379 101 454 121 427 114 
Isoamy] alcohol 354 340 96 407 115 400 113 
Benzene 380 288 76 345 91 382 101 
Chlorobenzene 346 264 76 316 91 364 105 
Bromobenzene 306 268 88 321 105 310 101 
Toluene 364 263 72 315 87 364 100 
o-xylene 373¢ 259 69 310 83 358 96 
m-xylene 370¢ 247 67 296 80 349 94 
Ethylbenzene 355 253 71 303 85 353 99 
Nitrobenzene 391 309 79 370 95 37 95 
Water 1510 1362 90 1632 108 1659 110 
Carbon disulphide 382 275 72 329 86 358 94 
Carbon tetrachloride 263/ 246 93 295 112 275 105 
Chloroform 3304 285 86 341 112 324 98 
322 226 70 271 84 


ichlormethane 364 318 By. 105 373 103 
Ethylene glycol 9: 
Ethyl acetate 


Ethyl bromide 286 268 94 321 112 324 113 
Ethyl iodide 265 264 100 316 119 240 91 
Ether 329 291 88 349 106 370 112 
GlycerolA 683 619 90 741 108 511 75 
Paraldehyde 346 299 86 358 104 355 103 
Nitromethane 515 447 87 535 104 434 84 
Acetic acid 41li 479 117 574 140 434 106 
Acetone 429 352 82 422 98 401 93 
Amy] acetate 342¢ 86264 77 316 92 344 101 
Aniline 412 407 99 487 118 401 97 
Average Average Average 
error error error 
= 20.1 = 14.8 = 6.7 
per cent per cent per cent 
® See Equation [3 | of the paper. 
See Equation [4 the paper. 
© See por 6a] of the paper. 
*At2l 
At 
o At 
A Ju Judging ‘from the density, the glycerol is 97 per cent pure. 
‘ ? All values of thermal conductivity & are in cgs units, cal per g per 
eg C. 
Nore: Except as noted in the foregoing footnotes, the values of k are ° 
those at 30 C. 


Table 6 shows how values of k calculated by using Equation [6a] 
agree with experimental results. A comparison of these results 
may be summarized as follows: 

The average error is 6.7 per cent. Outside of glycerine, no 
liquid has an error greater than 16 per cent; 49 per cent of the 
liquids check experiment closer than 5 per cent; 81 per cent of 
the liquids check experiment closer than 10 per cent; and 98 
per cent check experiment closer than 16 per cent. 

For glycerol, which is not 100 per cent pure, the maximum error 
is 25 per cent. With 3 per cent water, this error is reduced to 
22 per cent. 
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Equations have been proposed for specific types of liquids. 
Among them is the equation of the Bureau of Standards for pe- 
troleum products. 


BUREAU OF STANDARDS EQUATION FOR PETROLEUM PRODUCTS 


In 1929, Cragoe (12) suggested the following equation for pe- 
troleum liquids 


k= {1 — 0.0003(¢ — 32)]............ [7] 


where d = specific gravity of the liquid at 60 F divided by the 
density of water at 60 F; ¢ = temperature, F; and k, = ther- 
mal conductivity, Btu per hr per sq ft per deg F per in. 
Equation [7] was based on 18 petroleum oils by seven experi- 
menters. Five of the oils were tested at the Bureau of Standards 
and the data, so far as the author knows, are unpublished. A few 
of the other values quoted by Cragoe (12) were eliminated for 
various reasons, but many more data have been supplied to bring 
the total number of petroleum liquids available for checking 


TABLE 7 CHECK OF BUREAU OF STA 


“ye EQUATION FOR 
PETROLEUM PRODUCT: 0C 


keale 0.000327 


x koba kobs 
k X 106= 108 100, X 100, 

0.80 X ob- per per 

Liquid d 344.2 served cent cent 
Mobiloil B 0.896 308 374 82 87 
Rabbeth spindle oil 0.939 323 341 95 96 
Velocite 0.898 309 341 91 96 
Medium cylinder oil 0.895 308 365 84 90 
Red oil 0.851 293 337 87 97 
Light heat-transfer oil 0.879 302 316 96 103 
Transformer oil (16)@ 0.893 307 324 95 101 
Transformer oil (14) 0.951 328 318 103 103 
Transformer oil 1 (15) 0.962 331 318 104 103 
Transformer oil 2 (15) 0.924 318 290 110 113 
Transformer oil 3 (15) 0.884 304 297 102 110 
Paraffin oil (14) 0.985 339 295 115 111 
Medicinal paraffin (14) 0.907 312 300 104 109 
Paraffin (15) 1.000 344 293 117 112 
Kerosene 0.987 340 357 95 92 
n-pentane 1,299 447 322 139 102 
n-hexane 1.229 423 329 129 99 
n-heptane 1.186 408 336 121 97 
n-octane 1.153 397 342 116 96 
n-nonane 1.127 388 347 112 94 
n-decane 1.107 381 351 109 93 
n-undecane 1.090 375 354 106 2 
n-dodecane 1.052 362 355 102 92 
Methylcyclohexane 1.052 362 305 119 107 
Gasoline No. 1 1.146 394 320 123 102 
Gasoline No. 2 1.083 373 318 117 103 
Avge Ave 

error error 

= 124 = 6.0 


per cent per cent 


2 Numbers in parentheses refer to Bibliography at the end of the paper 
Nore: Values of thermal conductivity ki are in English units, Btu per 
lb per deg F, while values of & are in cgs units, cal per g per deg C. 


purposes to 26. These are listed in Table 7. The values given 
are for 30 C, at which temperature the equation reduces to 


[8] 


To convert k, into k, that is, cgs units, multiply by 0.0003442. 

Notice that the average error of the Bureau of Standards 
formula, Equation [8], is 12.4 per cent, with a maximum error of 
39 per cent; whereas, if we assume that the value is constant and 
equal to 0.000327 cgs units, the average error is 6.0 per cent and 
the maximum error is +13 per cent. For that reason, until 
more data are available, the author recommends that for petro- 
leum products the thermal conductivity at 30 C and atmospheric 
pressure be assumed constant, and equal to 0.000327 egs units. 
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The Use of Alloy 
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Steels for Side Frames 


and Bolsters of Freight-Car Trucks 


By DONALD S. BARROWS,! ROCHESTER, N. Y. 


The author reviews briefly the use of different types of 
side frames for railway freight-car trucks, including arch- 
bar side frames, cast-steel side frames with separate jour- 
nal boxes, and side frames with the journal boxes cast in- 
tegral with the truss members. He discusses the present- 
day trend toward the use of high-tensile-strength cast al- 
loy steel for truck side frames and bolsters, and gives re- 
sults of static and dynamic tests made on truck members 
cast from alloy steel and A.A.R. grade-B steel. 


the recent utilization of alloy steel in the manufacture of 

side frames and bolsters for railway freight-car trucks. The 
usual material of which these two truck details are made is an- 
nealed or normalized cast steel, described as grade-B steel in the 
specifications of the Association of American Railroads. As the 
result of independent and concerted efforts to meet high-test re- 
quirements with minimum weight for these truck parts, the de- 
signs of both have apparently reached their limit of development 
so that further weight reduction can be achieved only by the use 
of material having higher physical properties. 

In order to place the results from the use of alloy steels in the 
proper perspective, it is necessary to trace briefly the develop- 
ment of truck design. The development of the cast-steel side 
frame dates from about 1900, and in its first more popular form 
was merely an attempt to substitute a single casting for the top 
compression member, the intermediate tension or web member 
and the cast struts or columns of the built-up truss of the arch- 
bar truck side frame shown in Fig. 1. This development, illus- 
trated in Fig. 2, shows that the separate journal boxes used with 
the arch-bar side frame were retained together with the tie bar or 
bottom member of the truss. Structurally, if not chronologically, 
the next development eliminated the full-length bottom tie mem- 
ber and substituted short tie straps extending from under the 
journal boxes to brackets cast on the tension member of the side 
frame and riveted thereto as shown in Fig. 3. 

The separate journal boxes used with arch-bar and early cast- 
steel trucks shown in Figs. 1, 2, and 3 were a source of annoyance 
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and maintenance expense because of the tie bars and necessary 
attaching bolts. This led to the development of the jaw-type 
side frame shown in Fig. 4. Attempts to standardize the pro- 
portions of the jaw, the journal box, and the fastening means 
were not successful because of the parallel development of the 
integral-box side frame. This design was first proposed about 
1900 but the steel-casting art had not then progressed suffici- 
ently to make such a frame entirely satisfactory. However, with 
improvement in steel-casting practice it became possible to util- 
ize this final step in side-frame simplification, and the integral- 
box frame is now substantially standard equipment on railway 
freight-car trucks. 

The separate box may yet reappear when first cost is not the 
controlling factor. It can and usually does have a machine- 
finished lid face. The integral-box has a cast face, and with its 
use there is lost the advantage of flexibility between the frame 
and the box. The equalizing adjustment necessary to maintain 
uniform bearing area and unit pressure between journal and jour- 
nal bearing must, in the integral-box side frame, be provided 
within the box, and this must be accomplished with no change in 
interior box dimensions or contained parts. The integral box 
also prevents any development of spring mounting for the side 
frames themselves and subjects these members to constant un- 
cushioned vibration and shock. 

In the course of the development of the cast-steel side frame, 
many experiments in the contours and cross sections of the cast 
truss members were made. The sections were variously of 
angle, T, H, or I shape and late in 1918 the U section was devised 
and later patented. The last-named shape is today not only 
typical of the designs of all manufacturers, but is prescribed in the 
A.A.R. specifications. 

Ever since the formation of the original Master Carbuilders 
Association, the American railroads have progressed toward 
the standardization of important car details, and a few years ago 
the then American Railway Association sponsored a detailed 
design of side frame. This was later withdrawn as a definite 
required standard, because the art of side-frame design had not 
then reached its limit of development. The present requirements 
are merely that a freight truck shall conform to certain general 
dimensions and be interchangeable as a whole with any other 
truck meeting the same requirements. 

When the then A.R.A. tentatively adopted the specific side- 
frame design referred to previously, there were available a num- 
ber of different types of side frames, as well as hundreds of thou- 
sands of arch-bar trucks in service, representing an unknown num- 
ber of variations from an earlier established standard for this 
particular type of truck. It was natural therefore that the 
A.R.A. should desire to discourage new truck designs before the 
chaotic conditions which existed prior to the adoption of the 
standard automatic coupler were duplicated in another field. 

In due course it began to be appreciated that it was impossible 
to establish a fundamental design of a truss side frame simply by 
means of a static test. Side frames do not fail in service because 


of the slow imposition of a load several times as great as they will 
ever be called upon to carry. When they fail it is while carrying 
static loads well within their theoretical capacity under condi- 
tions of constant vibration and impact. In order to test side 
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Fig. ‘1 


OssoLeTe ARCH-BaR SipE Frame For Rartway-Car Trucks 


Fie. Earty Cast-Sreet Sipp Frame Wits Separate Journat Boxes AND Fuut-Leneta Borrow Tics MemBer 


frames under conditions more nearly approximating actual service, 
the American Steel Foundries in 1921 built a dynamic testing 
machine at its plant in Granite City, Ill., and in 1923 the Sym- 
ington” Company designed, built, and installed at its Baltimore 
laboratory a similar machine but with an amplified cycle which 
included additional load applications. 

By the use of these machines, it is possible to determine defi- 
nitely on specimen frames the location and progress of the first 
crack, the first critical crack, and the crack leading to failure. 
Through long experience with the operation of these machines, 
and the study of test results obtained with them, tentative dy- 
namic test specifications have been established by the A.A.R. 
which state that the number of loadings necessary to start a criti- 
cal crack in any one specimen shall not be less than 75,000 and 
that the average number of loadings for four specimens shall not 
be less than 125,000. 

Long before these specifications had reached their present 
form, certain conventional details of side-frame design were iden- 
tified as points of weakness. As research proceeded, it was found 
that the establishment of a design which would give the best 
static and fatigue results, and be susceptible of economical manu- 
facture through the elimination of the maximum number of 
foundry difficulties, required the use of a considerable number of 
detail patents taken out over a period of years by the various 
side-frame manufacturers in the course of their independent re- 
search work. Therefore, in 1927 the manufacturers, in coopera- 
tion with the then American Railway Association, cleared the 
path toward the development of a future side-frame standard 
through the formation of a manufacturers’ association based on an 
agreement under which all detail patents on side frames and 
bolsters were made available to all the members as soon as any 
of these patents were commercially utilized. This manufac- 
turers’ association through its engineering committee develops 


Fie. A DEVELOPMENT IN CastT-STEEL Sipe Frames SHORT 
Tre Straps BENEATH THE JOURNAL Boxes RIveTeD To THE TEN- 
SION MEMBER 


the standard designs which are available to each manufacturer- 
member and through continued research and cooperative test 
work carries on the refinement of these designs. The manu- 
facturers’ present standard design of side frame is illustrated in 
Fig. 5. 

In 1930, at the invitation of the Car Construction Committee 
of the A.R.A., the members of the truck manufacturers’ associa- 
tion began to experiment with side frames and bolsters made of 
steel of high tensile strength. This involved no basic change in 
the designs established for grade-B steel, but merely the 
reduction where possible of cross-sectional areas to suit the higher 
permissible unit stresses. It was foreseen that the reduction in 
weight could not be in inverse proportion to the increase in unit 
stresses for two fundamental reasons: First, the minimum thick- 
ness at any point is limited by the conditions requisite for the 
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Fig. 5 Tue Inregrat-Box Cast-STee. Sipe FRAME 


production of sound castings, these conditions 
varying with the size of the mold, the method of 
gating, size and location of risers, and other de- 
tails of foundry technique, as well as by the 


TABLE 1 RESULTS OF STATIC TESTS ON LIGHT-WEIGHT SIDE FRAMES FOR 


40-TON CAR TRUCKS? 


Alloy ———-Grade-B steel_——~ 
Average of four A.A.R. One A.A.R. 
side frames requirements side frame requirements 


“teristic » design itself. Seconc Transverse test: 

charac of the des Deflection at 24200 lb, in. 0.091 0.1206 0.090 0.0706 

while the side frame is theoretically a three- Set after 38400 lb, in.......... 0.008 0.010 0/012 0.0100 

yanel truss with bracing omitted in the middle Vertical test: 

pan acing Deflection at Ib, in...... 0.039 0.060% 0.038 0.040 
ride the standard bolster openin Set after 144000 lb, in. 0 0.010 0.008 0.010 

panel ide the stand P Elastic limit, lb............... 299700 136000¢ 194000 

the integral journal boxes, the brake-hanger Ultimate load, lb... 484380 384000° 374000 384000¢ 


brackets, and portions of the columns and spring —— 
seat are not structural members and their pro- 
portions are not determined by the truss stress 
calculations. 

A general conception as to the extent to which total side-frame 
weight might be reduced through an increase in the unit stresses 
in the truss members may be had from the following analysis: 
For a 50-ton capacity truck, a side frame of grade-B steel weighs 
about 589 lb. Of this total, the two journal boxes weigh 176 lb, 
the two brake-hanger brackets weigh 21.5 lb, and that portion 
of the spring seat required for load support and distribution 
weighs 20.5 lb, a total of 218 lb. This leaves 371 lb for the truss 
members, exclusive of those portions of the journal boxes which 
form the necessary connections between tension and compression 
members. If we assume that the excluded nontruss members 
might, by the use of alloy steel, be reduced to a total weight 
of 193 lb from the original 218 lb without creating foundry diffi- 
culties or modifying certain characteristics of design essential 
for the cooperation of other details, and we subtract this reduced 
weight from the actual weight of 510 lb of a high-tensile alloy- 
steel frame, we have a difference of 317 lb for the alloy-steel truss 
members as against 371 pounds for the corresponding members 
of the frame of grade-B steel, which is approximately the inverse 
proportion of the average ultimate strengths of 98,200 and 77,730 


Maximum. 
¢ Minimum. 


@ All frames cast from same pattern. 


lb per sq in., respectively, of the two materials. The ultimate 
strengths rather than the yield points are used in this analysis 
because the specifications for regular production require tests to 
failure. Expressed in another way, the weight of truss members 
of the alloy-steel side frame would be reduced 14.5 per cent while 
the reduction for the nontruss members would be 11.5 per cent. 

At this relatively early stage in the development of high-tensile 
alloy-steel frames and bolsters, it is possible in only a few cases 
to give test figures comparing them with frames and bolsters of 
grade-B steel. No one manufacturer has made side frames and 
bolsters for the 40-, 50-, and 70-ton standard capacity trucks in 
both materials and from absolutely interchangeable patterns. 
Therefore, some of the comparisons will unavoidably be made 
between grade-B castings from one manufacturer and alloy-steel 
castings from another. 

In Table 1 is given a comparison between the average results 
from the tests of four 40-ton alloy-steel side frames and one side 
frame of grade-B stéel, all molded from the pattern for the alloy- 
steel side frame. In Table 2 are given the average results from 
the tests of five 50-ton frames of grade-B steel and two alloy- 
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steel frames, all molded from the pattern for grade-B steel frames. 
The figures in Tables 1 and 2 are interesting inasmuch as they 
show the relation between the physical properties of frames made 
from the two materials, which relation might be expected because 
of the different physical properties of tensile-test specimens made 
of the two materials. Physical properties of tensile-test speci- 
mens of both materials, as well as the A.A.R. minimum require- 
ments, are given in Table 3. 

Tables 4, 5, and 6 give the A.A.R. test requirements for side 
frames and bolsters of grade-B and alloy steel, and the average 
results from tests of actual side-frame specimens. As previously 


stated, these comparisons will change slightly after it has been 
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possible to test a larger number of specimens. The number of 
specimens from which the figures are averaged is given in each 
column so that due allowance may be made for the narrow range 
of the tests so far reported. It is felt however that any conclu- 
sions reached from a comparison of these figures will be reason- 
ably sound and provide a basis for determining the commercial 
justification for the reduction in truck deadweight through the 
use of alloy steel. 

Much of the data herein was supplied by the American Steel 
Foundries, The Buckeye Steel Castings Company, and the 
Gould Coupler Corporation, to whom grateful acknowledgment 
is made. 
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The Interpretation of Creep Tests 
for Machine Design 


By C. RICHARD SODERBERG,' PHILADELPHIA, PA. 


The author presents a method of interpreting creep-test 
data and applies the method to several problems of ma- 
chine design. The method involves a rational theory of 
plastic flow in polycrystalline materials to which empirical 
results from actual tests can be applied. The basic prem- 
ise of the theory proposed is that the facts already es- 
tablished for plastic flow at ‘“‘normal temperature’’ re- 
main valid for higher temperatures as well. 


INTRODUCTION 


HE PROBLEM of strength at elevated temperatures has 

now been under active consideration for many years, not 

only in the steam industry but in other industries as well. 
A great deal of money has been expended for tests of various de- 
scriptions, and an extensive amount of experimental material is 
ready for study. The efforts on the part of the Joint A.S.T.M.- 
A.S.M.E. Research Committee on Effect of Temperature on 
the Properties of Metals to make at least some of this material 
available to a wider circle of engineers is a most laudable one, 
and it is certain to yield constructive results. 

In the following is presented a method of interpreting creep 
tests against a background of some of the problems most com- 
monly encountered in the steam industry. It is freely admitted 
that certain aspects of the theory of plastic flow proposed cannot 
be fully appraised until more tests have been made, and some 
of the conclusions drawn with regard to the characteristics of the 
typical results of long-time creep tests may possibly be contra- 
dicted by results not available to the author, or by tests which 
will be made in the future. The designer of power machinery is 
forced to make the best use possible, however, of the material at 
hand, and the progress of the industry does not always wait for 
satisfactory theories. 

One of the most important objects of this presentation, besides 
the pressing need for reasonable methods in machine design, is to 

‘Manager, Turbine Engineering Department, Westinghouse 
Electric & Manufacturing Company. Mem. A.S8.M.E. After 
receiving his university education, Mr. Soderberg was graduated 
as naval architect from Chalmers’ Institute of Technology, Géteborg, 
Sweden, in 1919. He received a fellowship from the American 
Scandinavian Foundation in 1919 for the study of shipbuilding in 
the U. S. A., and spent 1919-1920 at M.I.T. and the University 
of Michigan. He was employed as draftsman by the New York 
Shipbuilding Corp. in 1921, and in 1922 by the Westinghouse Com- 
pany, where he worked until 1928 on vibration and other dynamical 
problems connected with heavy traction railway equipment and large 
power machinery. After two years with the Swedish General 
Electric Company in the design of large turbo-generators and tur- 
bines, he returned to the Westinghouse Company in East Pittsburgh, 
and was transferred to his present location in May, 1931. 

Contributed jointly by the Joint A.S.T.M.-A.S.M.E. Research 
Committee on Effect of Temperature on Properties of Metals and 
the Applied Mechanics Division for presentation at the Annual 
Meeting of THe AMERICAN SocteTy OF MECHANICAL ENGINEERS, 
to be held in New York, N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 11, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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encourage an appreciation for the need of rationally planned 
creep tests in the future. At the present time there is a woeful 
lack of test series in which the influence of the many variables 
involved is clearly brought out, and where use has been made 
of test specimens with a known, common thermal history prior 
to the test. The most serious shortcoming is the lack of infor- 
mation on the influence of temperature upon the different func- 
tions and constants involved. As our knowledge of the nature 
of the phenomena involved is increased, there should be less 
excuse than in the past for haphazardly planned test programs. 

There is a considerable amount of literature on the subject of 
recent years which is worthy of attention. Perhaps the most 
outstanding is the recent contribution by Bailey. Attention 
should also be called to the various papers by Nddai,* Odquist,* 
MacCullough,* and others. The rudiments of the proposed 
theory were presented in a discussion submitted on the paper by 
Bailey.? 

The interpretation given in the following differs in certain 
essential respects from that given previously by the author. 
While some of the important conclusions still remain valid, the 
realization that strain hardening does not appear to play the 
important réle assigned to it has altered rather fundamentally 
the interpretation of the test results. The methods proposed in 
these papers will remain valid to the extent that strain hardening 
can be proved to influence the creep, but a closer examination 
of certain features of the test results has suggested that this 
influence is smaller than anticipated previously. Common 
intellectual honesty makes this acknowledgment appropriate. 


NOMENCLATURE 


Any consistent set of units may be used in the application of 
the results given in the paper. While the choice of units may 
be arbitrary, the following have received common sanction in 
the American literature: Stress in units of pounds per square inch, 
strain in nondimensional units; time designated as h; and strain 
rate designated as 1/h. 

Following is a list of the most essential of the symbols used. 
Small finite increments of some of the variables are denoted by 
Ae, Ao, ete. 


2**The Utilization of Creep Test Data in Engineering Design,” 
by R. W. Bailey, preprinted and read before The Institution of 
Mechanical Engineers, November, 1935. Abridged in Engineering, 
vol. 140, 1935, pp. 595 and 647; and in The Engineer, vol. 160, 
July to December, 1935, p. 592. Also, ‘‘Design Aspect of Creep,” 
by R. W. Bailey, Journal of Applied Mechanics, vol. 3, March, 
1936, Trans. A.S.M.E., vol. 58, p. A-1. 

’**The Creep of Metals—I, A. Nadai, Trans. A.S.M.E., 
vol. 55, 1933, paper APM-55-10, p. Also, ‘‘The Creep of Metals— 
II,” by A. Nddai and E. A. Davis, Journal of Applied Mechanics, 
vol. 3, March, 1936, Trans. A.S.M.E., vol. 58, p. A-7. 

4“Plasticitetsteori Med Tilliimpningar,” by F. Odquist, mono- 
graph published by Ingeniérsvetenskapsakademien (IVA), Stock- 
holm, 1934. 

5 ‘*Applications of Creep Tests,” by G. H. MacCullough, Trans. 
A.S.M.E., vol. 55, 1933, paper APM-55-12, p. 87. 

6 ‘*Working Stresses,’’ by C. R. Soderberg, Trans. A.S.M.E., vol. 
55, 1933, paper APM-55-16, p. 131. Also, ‘‘Zulissige Benspruch- 
ungen im Maschinenbau,” by C. R. Soderberg, Schweizerische Bau- 
zeitung, vol. 104, 1934, p. 127. 
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A,, Az = designations for 08/00; and 
Qi1, Qiz, dag = designations for 0A;/ 001, etc. 
a, b = inner and outer radius, respectively, of thick 
ring 


bi, bie, bes = designations for A,? + aS, ete. 


c = a factor, giving the ratio between shear strain 
and shear stress = a constant 
E = modulus of elasticity 
e = thestrain invariant = V3/2V/ (e:— 2)? +... 
The base of natural logarithms. The use of 
these quantities is such that confusion will 
not occur 
G(r), G(é) = functions of r and 
G(r)/G(¢) = a function of r and which is unity when 
r=§ 
M,N = designations for + and + 
vbea) 
P,Q = functions of r and é associated with differen- 
tial plastic flow of a thick ring 
Pp, q = radial stresses or internal pressure 
r, = variable radii of cylinder problems. Mean 
radius of thin tube = r 
S =a dimensionless function of the stress 


the stress invariant s = /V2V —o2)? +... 


8 = 

8; = a material constant stress 

T = a dimensionless function of time 

t = time 

v = strain rate 

6 = thickness of thin tube 

e = plastic strain. Principal strains = «, «, and 
€3 


v = Poisson’s ratio, » = 0.3 

¢ = plastic radial deformation of a thick ring; 
¢’ and § denote differentiation with regard to 
T and t, respectively 

o = stress. Principal stresses = oi, o2, and 
Specially designated quantities are written as 
o* with various indexes. Initial stress = a 


TuHeoryY OF Piastic DEFORMATION 


It is in the nature of the problem that direct tests of general 
three-dimensional cases of stress applications cannot be made. 
Moreover, until a reasonable theory can be established for the 
general case, the data gathered from the different tests that 
can be made will have a somewhat restricted application. One 
of the most important phases of the problem to be established, 
therefore, is a rational theory of plastic flow in polycrystalline 
materials, to which the empirical results from the actual tests 
made can be applied. 

The basic premise of the theory proposed is that as far as 
plastic flow is concerned the phenomena undergo no fundamental 
change when the temperature is increased beyond the range 
defined as “‘normal temperatures.” This statement is not to be 
taken in the sense that the functional relationship between the 
different variables remains exactly the same. The implication is 
rather that as the temperature is increased beyond the normal 
range, the phenomenon of plastic flow, which at normal tem- 
perature is imperceptible for low stresses, is of dominating sig- 
nificance at all stresses. 

At the present time it is impossible to assert that this basic 
premise rests on firm experimental proofs. It appears to repre- 
sent a reasonable starting point, however, until its truth or un- 
truth has been demonstrated experimentally. 

On this basis, the laws of stationary plastic flow in crystalline 
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isotropic materials will remain as already formulated.? These 
may be stated as follows: 


1 The directions of the principal extensions coincide with 
those of the principal stresses. 

2 The density or volume of the material remains constant. 

3 The three principal shear strains are proportional to the 
three principal shear stresses. 

4 The yielding follows the von Mises-Hencky criterion in 
which the strain energy, or the octahedral shear stress, is the de- 
termining variable. 


The first three laws may be given the following mathematical 
interpretation 


cer 


Out of these relations it is possible to develop the following ex- 
pressions for the three principal strains 


c 
= — + — a3) 


3 


c 
= — + o: — a3) 


3 


a= + — a2) 


The fourth law is yet to be formulated mathematically. The 
essential feature of the proposed theory is to regard the funda- 
mental creep relation between stress and strain as applying to the 
following invariants 


1 — 


which are proportional to the shearing stress and shearing strain, 
respectively, in the octahedral plane. 

Introducing Equation [1] into Equation [5], it is found that the 
fourth law of plastic flow is represented by 


In other words, the factor of proportionality ¢ is also propor- 
tional to the ratio of octahedral shearing strain to octahedral 
shearing stress. This gives a value of c for each point of the 
body. This value may now be introduced into Equations [3]. 
Carrying out the transformation and remembering that 


os 01 —o2 + 

s+ 

2s 

ir” 


7 “Plasticity,” by A. Nadai, McGraw-Hill Book Company, New 
York, N. Y., 1931, Chapter 14. Also, ‘‘Theories of Strength,’ by 
A. Nadai, Trans. A.S.M.E., vol. 55, 1933, paper APM-55-15, p. 111. 
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RESEARCH 


it is found that these laws of plastic flow are embodied in the 
following simple relations 


Os 
a = 
os 
ég =-—— 


The experimental data which serve as a basis of application of 
this theory are the results of long-time creep tests, which for the 
one-dimensional case give «, as a function of time for different 
values of o;. In this case, 0. = o3 = 0, 0; = 8, 08/00; = 1, 08/002 
= 08/003 = = = —1/24,« =e. Therefore, the 
functional relationship between e and s is identical with the ex- 
perimental relationship between strain, time, and stress, which is 
obtained from the ordinary long-time creep test. 


CHARACTERISTICS OF THE INFORMATION 
AVAILABLE FOR LONG-TIME CREEP TESTS 


Before a practical application can be made of the foregoing 
theory, it is necessary to enter into the characteristic features of 
the results available from long-time creep tests. 

This is the field in which the major efforts have been made by 
those interested in the problem, and a large amount of material is 
available for study. Unfortunately, only a small portion of this 
material has been accumulated against a background of rational 
research. Many of the tests were made with the purpose of ob- 
taining direct comparisons between different materials from a 
very limited point of view, so that no attempts were made to 
bring out clearly the influence of stress, strain, temperature, and 
time, not to mention such factors as the thermal history of the 
material prior to the test. These data, nevertheless, are all that 
we have to work with, and it is necessary to make the best of this 
situation until more data are available. 

It is not within the scope of this paper to give a comprehensive 
review of these data, although such a review would be most valu- 
able. Fig. 1 gives a typical set of results of long-time creep tests. 
These curves were obtained a few years ago by McVetty and 
apply to 12 per cent Cr low-carbon steel at 850 F. The test 
points are not shown on the curves, but the tests were sufficiently 
consistent to leave little doubt of the configuration of the curves. 
Many of the tests reported in the literature show a scattering so 
great as to exclude rational interpretation. In some instances, 
this scattering is undoubtedly due to poor methods of tests, while 
in others they must be attributed to erratic behavior of the mate- 
rial itself. It goes without saying that such examples must be 
left out of the reckoning until the reason for the scattering has 
been found. There are enough long-time creep tests, however, 
which give smooth consistent curves, to justify the assertion that 
for most materials there is a functional relationship between the 
variables involved, namely, stress, strain, and time. Some con- 
clusions must be made with regard to these relations before the 
results can be applied to practical problems. 

All long-time creep test results have one feature in common in 
that the plastic deformation proceeds at a very rapid rate at first, 
approaching a more permanent rate of deformation at a later 
stage. The relative stability of the creep rate after the initial 
period of rapidly varying rate has served as a justification for 
extrapolating to values of time far beyond the period covered by 
the test. The existence of an inflection point, after which the 
creep rate will increase, makes such extrapolation somewhat 
dangerous, but until more information is available the designer 
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has no other choice but to make the most reasonable extrapolation 
possible. 

There has also been a general tendency to ignore the initial 
period of varying creep rate and to treat the problem as one of 
constant rate. It is evident that this procedure is unsatisfactory 
for all cases where the stresses are influenced by the plastic def- 
ormations themselves. This is nearly always the case in practi- 
cal problems. 
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Fic. 1 Creep Curves For 12 Per Cent Cr STexEx at 850 F 

It is considered essential, therefore, to find some reasonable 
explanation for the rapid decrease in the creep rate with time, 
which occurs in the initial stage of the deformation. 

The most obvious explanation that comes to mind in this con- 
nection is the phenomenon of strain hardening. The writer has 
personally advanced this explanation and obtained results useful 
for design work on this basis. This explanation implies the as- 
sumption that if the strain hardening problem were absent, the 
creep curves would be essentially straight lines, the slope being a 
function of the stress. The curvature of the strain-time relation 
for constant stress would then be an evidence of the influence of 
the strain hardening. As long as the attempt to fit creep curves 
to some sort of empirical function is not driven beyond a certain 
point, this theory does not run into direct contradiction, particu- 
larly if the experimental points are somewhat scattered. 

However, a closer examination has revealed that this explana- 
tion fails to reproduce one common characteristic of all creep 
tests. It is evident that on the assumption of strain hardening 
just mentioned, the curves for high stresses and large deforma- 
tions should bend more rapidly than those for low stresses. This 
is definitely not the case; the curves for low stress show an equally 
decided curvature as those for high stress. Fig. 1 shows this 
tendency very clearly, and in spite of thé erratic nature of many 
creep tests, most results agree on this point. This fact appears to 
rule out strain hardening as an important factor. 
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The simplest interpretation that can be made is that all of the 
creep curves for any one group of specimens with a common 
thermal history are geometrically similar. This simple interpre- 
tation checks quite satisfactorily all the reliable data to which the 
author has had access. 

The mathematical expression for this characteristic of the re- 
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Fic. 2.) AVERAGE STRAIN Ratios For 12 Per Cent Cr STEEL at 850 F 
sults of long-time creep tests is that the plastic elongation may be 
written 


where S is a function of stress only, and 7 is a function of time 
only. 

It is not the intention at the present time to read into Equation 
[9} a very definite physical significance. One cannot escape the 
conclusion, however, that the relative accuracy by which creep 
curves can be fitted by this interpretation reveals a fact of sig- 
nificance. The material undergoes structural changes under the 
combined influence of time and temperature, so that at the end of 
an extended creep test we no longer deal with the same material. 
This conclusion, together with the conclusion that the thermal 
history of the material prior to the test is of fundamental signifi- 
cance, must at any rate be constantly remembered in the inter- 
pretation of creep data. It offers an explanation why the re- 
sults of materials with identical chemical composition so often 
differ very fundamentally. 

Under the interpretation suggested by Equation [9], the change 
of structure would be practically independent of stress and strain. 
This conclusion is supported by tests up to certain limiting values 
of stress atid strain. It is almost certain, however, that both 
stress and strain have some, although less pronounced, influence 
upon the change in structure. It is not unlikely that the influ- 
ence of strain hardening becomes pronounced at the lower tem- 
peratures. This question must be left in abeyance, however, 
until further research has been made with this point of view in 
mind. 

For most of the creep tests of interest to machine designers, the 
early part of the structural change is equivalent to hardening, 
that is, the creep curves tend to flatten out. This tendency is 
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probably always reversed into an annealing influence after the 
passage of a certain time at the temperature in question. 

The empirical functions S and 7’ are easily constructed. If in 
Fig. 1 the curve for « = 20,000 lb per sq in. is selected as a basis, 
a set of average ratios is obtained which, under the above interpre- 
tation, should give a consistent function of the stress. Fig. 2 rep- 
resents a semilogarithmic plot of this function. It reaffirms 
the well established fact that arithmetical increments of stress 
produce geometrical increments of strain. In order to obtain a 
stress function which becomes zero for zero stress, however, it is 
necessary to modify the simple logarithmic relation somewhat. 
On the basis of the data examined, it is proposed to write the 
stress function in the following form 


81 
so that 
o/s, 
= 
€ ( 


where s; is an empirical constant having the dimension of a stress. 
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For the material covered by Fig. 1, this constant has the value 
8, = 7710 lb per sq in., as obtained from Fig. 2. 

A power function of the form S = Ao” is regarded by many 
authorities as a more satisfactory form for the stress function S. 
When the available test data indicate that such a function fits 
the experimental points more consistently, there are no practical 
reasons why it cannot be used. The general results obtained in 
the following may be equally well applied to a power function as 
to Equation [10]. When the creep data are treated in the manner 
proposed here, however, it is usually not possible to obtain a satis- 
factory fit with a power function. 
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The time function T is now obtained directly from any one of 
the test curves. It is a dimensionless quantity, shown for the 
material in question by Fig. 3. The points marked by small 
circles in Fig. 1 have been computed from Equation [11] using E 
= 30 X 106lb per sq in., s; = 7710 lb per sq in., and taking values 
of T from Fig. 3. While the agreement is not perfect, it is close 
enough to warrant the conclusion that Equation [11] contains 
the essential elements of the creep phenomenon. 

This analysis has been made for a large number of creep tests. 
In some instances the curve fit is nearly perfect, while in other 
instances it is of the character shown in Fig. 1. In no case of 
reasonably smooth test curves have there been serious discrepan- 
cies, except for very large stresses, where the observed plastic def- 
ormations usually are greater than those given by Equation [11]. 
This is usually within the range where the creep curves have an 
inflection point, and the discrepancy is undoubtedly associated 
with the condition of instability indicated by this inflection point. 

It is natural to speculate upon the probable equation for the 
time function 7. It has been proposed by MeVetty® to write the 
equation for the creep curves in the form « = €9 + vot, where €o 
and vo are functions of the stress. A similar form is suggested in 
a companion paper presented by Weaver.’ Until more informa- 
tion is available, however, it would appear wise not to insist upon 
a mathematical form for this function. As will appear in the se- 
quel, the process of direct integration of the fundamental creep 
relations in Equations [8] is beyond immediate hope, so that step- 
by-step calculations are necessary. The experimental form of 7 
is then equally suitable as a basis for the calculation as an empiri- 
cal equation. 

Many of the creep tests have been interpreted against the mini- 
mum strain rate recorded in the test. When the creep curves 
may be replaced by straight lines, they may be expressed by the 
simpler relation 


dt 


where », is another material constant having the dimension of a 
strain rate (1/h). This constant is independent of the stress, 
which is merely another way of saying that the actual strain rate 
is an exponential function of the stress. It is a restatement of the 
frequent observation that arithmetical increments in stress corre- 
spond to geometrical increments in the strain rate. 

An important conclusion from the foregoing interpretation of 
creep tests is that if the specimen were subjected to the operating 
temperatures without stress for some appreciable time, the initial 
stages of the creep should be much abbreviated. No such tests 
have so far been made, as far as the author is aware. This type 
of tests offers a rich field for gaining additional knowledge of the 
relations involved. 

Before leaving this subject, it may be well to point out that s, 
and T' (or »,) are profoundly influenced by the temperature. The 
nature of the influence of the temperature is really one of the 
most important objects of further creep tests. 


PRacticaL APPLICATION OF THE RESULTS 


Constant Stress in One Dimension. The case of constant one- 
dimensional stress application represents the basis for all other 
cases. In design work it is a matter of direct application of the 
available creep tests. It is usually necessary to extrapolate the 
curves to values of the time much greater than those of the test. 
MeVetty® has already proposed a method for this process, which 


‘Working Stresses in High-Temperature Service,’’ by P. G 
MeVetty, Mechanical Engineering, vol. 56, 1934, p. 149. 

*The Creep Curve and Stability of Steels at Constant Stress 
and Temperature,” by S. H. Weaver, Trans. A.S.M.E., vol. 58, 
1936, paper RP-58-16, p. 745. 


appears satisfactory, provided that our data in the future become 
fortified by tests over very long periods of time. The same extra- 
polation in time is, of course, necessary for cases of variable stress 
as well. 

Relaxation for One-Dimensional Case. This is a very important 
case which deserves more attention in the future than it has re- 
ceived in the past. The typical application of this problem is the 
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RELAXATION of BOLT | 
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bolting problem. Consider a bolt having a certain initial stress. 
What will be the stress after the passage of a certain time? 
Differentiating Equation [8], we obtain 


os 
— dae 


le = SAT T 
de + de 


[13] 


In the typical case of relaxation there is a direct relation between 
the increment de in the strain and the corresponding decrement 
in stress do. This may be written 


if to the modulus of elasticity E is assigned a value appropriate to 
the structure involved. The maximum value of £ is the modulus 
of elasticity of the material itself, and it is customary to use this 
value for most bolt problems. Introducing this value of de into 
Equation [13] and solving for do the following result is obtained 


1 TE — 
Oa 


Using Equation [10] for S, this result becomes 


An integration of Equation [16] with the boundary conditions 
t = 0, and o = ep» would give the stress o as a function of T. 
Through the empirical time function it is then possible to assign a 
value of ¢ for every value of T. 

There are no ready means for direct integration of Equation 
[15], or even Equation [16], so that step-by-step integration is 
necessary and far from formidable. The process is obvious and 


de / 
de = ——_ [16] 
1 + Te?/% 
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shown in Table 1 for the case of ¢) = 50,000 lb per sq in., and E = 
30 X 106 lb per sq in. for the material covered by Fig. 1. 
Fig. 4 shows the result of this calculation. It demonstrates the 
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alone. Introducing this relation into Equation [8], the equations 
of plastic flow become 


typical relaxation phenomena with an extremely rapid fall of the _ wd ST 
stress during the first hours. Ooi 
The results shown in Fig. 4 are of interest in that they have ds : [18] 
been checked by direct relaxation tests conducted by Mochel.'® 
The points shown represent test results obtained by Mochel for 
the same material at the same temperature. A great deal of em- = Os ST 
phasis cannot be placed on the relative agreement obtained, since Oas } 
Seedao 
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Fig. 4 RELAXATION oF 12 Per Cent Cr STEE: at 850 F 


the specimens in Mochel’s tests were made from a different batch 
of material, and several years later, than those made by Mc- 
Vetty, but it lends some support to the soundness of the under- 
lying theory. Additional relaxation tests are now planned. 

For large values of the time, the function T may be replaced 
by T = mt. If, in addition, e’/", is large compared with unity, 
the relaxation proceeds approximately in accordance with the law 


so that geometrical increments of time correspond to arithmetical 
increments in stress. 

This phenomenon is approximated if a bolt, which has been in 
operation for an appreciable time, is retightened. The funda- 
mental creep law, as given by Equation [9], indicates that it is 
immaterial whether or not the bolt was under stress during the 
first period of service. No reliable data exist so far which prove 
or disprove this deduction. Additional relaxation tests of the 
type described by Mochel’® will be made to clear up this impor- 
tant question. 

Two-Dimensional Problems. The fundamental equations of 
plastic flow may now be written for the general three-dimensional 
case. All that is needed is to regard the invariants e and s as re- 
lated by the equation 


where S is now a function of s alone, and 7’ is a function of ¢ 


10 A brief review of these tests will be given by N. L. Mochel at 
the Annual Meeting of THz AMERICAN SocieTY OF MECHANICAL 
ENGINEERS, November 30—December 4, 1936, in connection with the 
report of the Joint A.S.T.M.-A.S.M.E. Research Committee on Effect 
of Temperature on the Properties of Metals. 


These equations are not yet in a form which can be used for the 
solution of practical problems, They merely express the plastic 
strains as functions of the stresses and of time. To obtain solu- 
tions that are workable at all, it is usually necessary to so formu- 
late the problems that a two-dimensional representation is pos- 
sible. Moreover, it is a characteristic of those problems of ma- 
chine design, for which creep is an important consideration, that 
they can usually be treated as cylinder problems. The two-di- 
mensional representation of thin cylindrical shells is the simplest 
type of these problems; the radial stress distribution of thick 


Fig. 5 ILLUSTRATING THE Piastic FLow or 


rings is another. The following discussion will be restricted to 
these two cases. There are other problems of interest as well, 
but the general methods to be used will become apparent from the 
discussion of these two problems. 

Thin Cylindrical Shell. Consider a tube of mean radius r and 
thickness 6. The tangential stress is taken as 0), and the axial 
stress as o2, as indicated in Fig. 5. Piping under internal pressure 
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is the most important practical form of this problem. If the in- 
ternal pressure is denoted by p, the stresses are 
= = o* 
| 
pr’ of . [19] 
= = 7 
26 2 
o; = O (or small) 


The stress o* is the stress usually designated as the working stress 


of the pipe. We now have 
V3 
s= Vo: + — = o* | 
Os 20; v3 | [20] 
28 2 | 
Os 202 — 0 
2s 
so that 
a- 
a =0 


Thus, the radial creep of the pipe is obtained directly from the 
creep curves of the material itself by using for the stress variable 
(1/3/2)e*, and multiplying the strain by the factor +/3/2. The 
axial creep is zero, so that the creep conditions are not influenced 
by any elastic restrictions in the axial direction, except in so far 
as they may cause stresses through thermal expansions. 

Thick Cylinders and Disks. Space does not permit a discussion 
of the general methods by which two- or three-dimensional prob- 
lems may be treated, nor have these methods been developed to a 
point where a treatment in terms of broad generalities is avail- 
able. The characteristic feature of these problems is that for 
every increment of time there is not only a set of increments of 
plastic strains, but also a set of increments of the stresses them- 
selves. A consideration of great practical importance is whether 
or not the flow will proceed in such a manner that the increments 
of the stresses approach zero. If this is the case, a stationary 
state of flow is eventually approached, which is usually charac- 
terized by very simple relations. 

It is evident from these remarks that this class of problems 
suggests the use of the calculus of variations as far as the funda- 
mental approach is concerned. The mathematical difficulties 
are often very great, and so far very little progress in the way of 
practical solutions has been made. 

The following discussion, while applying specifically to thick 
cylinders and disks, outlines the essential principles involved in 
applying the variational method. For simplicity, the discussion 
has been restricted to the simplest case of a free disk, with a 
known condition of elastic stresses as the starting point. The 
axial stresses are assumed to be zero at all times, so that no elastic 
restraint in the axial direction is involved. The method requires 
only minor modification to be applicable to other cases, such as a 
disk shrunk on a shaft, or the bending of a beam. 

The first step in the analysis is to establish a relation between 
increments in time or time function, strain, and stress. This 
relation is obtained by differentiation of the Equations [18] of 
plastic flow, of which only two need to be considered. The first 
equation, with index 1 for stress and strain, will apply to the tan- 
gential direction; the second equation, with index 2 will apply to 
the radial direction. 

The invariant s takes the form 
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[22] 


As a matter of convenience the derivatives of this function will 
be given the following symbols 


ds 


dai 28 
[23] 
os 202— | 
Ag 
Oa2 2s 
OA; 0s 1— A;? 
ay = = 
8 
ay = = — eee 
CA: _ _ 1— As? 


The following combinations of these quantities will also be of 
use in the sequel 


bi = Ai? — + aS 
3s | 
bis = by = + a8 


M = + 


The fundamental equations of flow 
« = A,ST 
will now be differentiated, remembering that 
dS = [Aido; + Azdoz]............ [28] 
and 
dA, = + 


After rearrangement, the differentiation of Equations [27] gives 
the following result 


Ae = T (bu Ao, + 
Aes ASAT + T(bi2A0; + 22 Ao) 


It will be found advantageous to combine these expressions into 
the following single equation 


1 — »? T 
— = (Ar + + + N dor). . [81] 
where Ao,* denotes the stress parameter. 
E 
Ao,* = (Ag v Men) [32] 


Consider Equation [31] as applying to a specific value of r. If 
a small ring element At at r = — be permitted to deform plasti- 
cally, as indicated in Fig. 6a, certain internal stresses are set up 
throughout the entire ring. These internal stresses may be deter- 
mined by direct application of the Lamé solution. If an element 
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at r = r deforms it will obtain a tangential stress of —- Ao,* and a 
radial stress which is zero, or a differential of higher order. The 
total change of stress at r = r is the sum of all the changes which 
are produced when é varies from a to r and from r to b. It is 
shown in the Appendix that at the point r 


Ao, = P Ao,* 
Age = Q 
where P and Q are functions of r determined by 
Ag 
— a") ( | 
b? \ + a? | 
a g | 
‘ [84] 
dé a? \b? + | 
= 1— — k; 
| 


The factor k,* is determined by 


and represents an approximation of the ultimate variation in 
of Ao,*. Combining Equations [31] and [33], the following ex- 
pression is obtained for Ao,* 


E(A, + 
= T 
T(MP + 
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which, in order to be acceptable, must check the assumed values 
of 

This gives \o,*, and hence Ao; and Ao, as functions of r for the 
values of S7 and T in question. These stress increments are 
now added to the original set of stresses (the elastic solution). 
The process is repeated for the next increment AT’, and so on. 

It is evident by the process selected that the stress increments 
obtained for each increment of 7' are in internal equilibrium, that 
is, they satisfy the boundary conditions of a free ring. 

If, in addition, it is required to know the plastic deformations, 
they are most easily obtained directly from Equations [30] which 
become 


Ae, 


+ T(biP + ~ 


AS AT a T (bi2P Ao,* 


In most practical problems only the tangential deformations at 
the inner and outer radius are of interest. The radial displace- 
ment of any point at radius r is r Ae. 

The results may be simplified somewhat further by taking for 
the stress function S the value proposed in Equation [10], namely 
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TTI Fig. 7 shows the results of a calculation which has been carried 
—— T] T «  outin this manner for a free rotating disk, the inside and outside 
£ pagal Deformation Inner Bore x we radii being 5 and 25 in., respectively. The speed of rotation was 
selected in such a manner as to give a tangential stress of 50,000 
= Bore  lbpersq in. at the inner bore in the elastic state. The material is 
| outer covered by Fig. 1. These results indicate that for practical 
3 20,000 nesia, +—+ aa 0.10’. purposes a stationary state of stress may be considered to exist 
Tangentia/ Stress Outer Edge after the lapse of about 1000 hr. This state of stress satisfies the 
10,000 conditions established for the steady state in the Appendix. 
Fig. 8 shows the changes with time in radial stress and plastic 
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we then obtain 


or Stress AND Piastic DerorRMATION IN a Disk 


8 os l 
S = = Coe 39 
E Os E [39] 
| 
by = + (1 — A;*)F’) | 
| 
bie = by, = [A,4.F — (1/2 + A1A2)F’] 
M = A,(A, + vA,)F + [1 — v/2 — A, (A; + [41] 
N = A,(A, + vAs)F + —1/2— + JF’ 
and 


radial stress at the inner bore is similar to that shown in Fig. 3 for 
pure relaxation, but the reduction for subsequent periods of time 
is much smaller and eventually it becomes zero. 

Table 2 illustrates the extent of the calculations required for 
one of the increments of the time function 7. 


Appendix 


Assume that an element dé of the ring shown in Fig. 6a at radius 
£ is given plastic deformations Ag and Ae; in the tangential and 
the radial directions, respectively. Ifthe element is small the 
radial deformation of the ring is a differential of a higher order, 
and the element itself is subjected to a tangential stress 


Ao, = — (Ag + vAe) = .. 
The radial stress, indicated by Fig. 6d, will be denoted by pat the 
inner edge, and —g at the outer edge of the element. 


The equi- 
librium of the element itself requires that 


741 
4 
p+q= 44 
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If the ring element is now removed, equilibrium may be main- 
tained by the addition of the radial stress p on the inner por- 
tion and —gq on the outer portion, as indicated in Figs. 6b and 6c, 
respectively. The stresses in the inner and outer portions of the 
ring are obtained directly from the Lamé solution 


| 
$2 — q? r2 


} 


Considerations of continuity demand that the tangential stress 
at r = ¢ be the same for both expressions. This establishes the 
ratio of p:q which, when introduced into Equation [44] gives 


= 


[47] 
_ & + ail dg 
2b? — 
Equations [45] and [46] now become 
a? 
a? 
1—— 
b2 
1+- 
2 2 
d( Ao), = — a) (&? + a?) Ao 
d(Aoz), = — a’) (g? + a*) Ao 


and establish the change in stress at r = r incidental to the def- 
ormations Ae and Ae, (expressed through Aoi;*), at r = &. 

The total change in stress at the point r = r is now obtained 
by integration of these expressions, remembering that the ele- 
ment at r = & gives an increment to the tangential stress of 
—Ao*. This gives 
b 1 a? 

+ r2 b2 

2(b?—a*) 

r b2 

1 
r2 + a? 
2(b?— 


Aoir = —Aoi,* + Aoig*dé 


dé 
b a? 
¢ 
r b2 
r? a? 


* 
+ 2(b? a?) Aoi dé 


= Aorg*dé 
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The difficulty in the way of integration is due to the fact that 
Aoig* under the integration signs is a complicated function of ¢ 
to be determined from the expression 


Aoi:* = 


| (A, + vA,)SAT + (M Ao, + | 


where all quantities are now to be regarded as functions of ¢. 
To overcome this difficulty the approximation is made that under 
the integrals in Equation [50] 4o,¢* varies with ~ as it would in 
Equation [51] if Ao; and Ac, were zero. The simplest way of in- 
jecting this variation is to introduce the factor 


+ vA2)S], = ¢ 


52 
(Ai + =r (52) 
so that 
Introducing the functions 
b a? 
1+- 
r? a’ 
.. (54) 
a? 
— 
b2 
4 
+ 2(b?}—a*) ¢ 
we obtain 
Aow = PAs;,-* 
and from Equation [51] 
AT ....... (56 } 


~ 1—»*— T(MP + NQ) 


which is the solution of the problem. 

For practical calculations, the quantity kf must be approxi, 
mated by selecting the functional relation obtained from a pre- 
vious step of the calculation. The value given by Equation [52] 
is appropriate for the first step, where the elastic solution gives 
the functional relationship. For subsequent steps, k,£ is best 


evaluated from the previous step in the calculation. Thus, if 
Aoir* = G(r) is the result of the previous step, then 
G(é) 
2 
ky [52a] 


may be used for the subsequent step, and so on. 

In general it is to be expected that every increment of time will 
produce a set of increments in stress as well as a set of increments 
in strain. Certain conditions may be postulated, however, under 


which the flow may continue, but the stresses remain stationary. 
Such a condition of stress would be classified as a stationary state. 

It is evident from the preceding discussion that this stationary 
state is characterized by So; = 0 and Ao: = 0. This may be ob- 
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tained if Ao,* = Oorif P = OandQ =0. The former case would 
interfere with the fixed boundary conditions and must be ruled 
out. The latter alternative is obtained from Equations [54] in 
the form of two simultaneous integral equations for k,§. If 
Equation [52a] is used for this quantity, the integral equations 
take the form 


2 2 2 2 


= 2(b? — a*)G(r) 


2 One 2 2 2 
r r g r a | 
G(s)dt = 0 | 


These equations may be solved for the two integrals. Since these 
integrals do not contain r, & may be replaced by r. The solution 
gives 
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The question of the possibility of a stationary state of stress is 
now reduced to a search for a function G(r) which will satisfy 
these two integral equations. An inspection shows that they are 
satisfied by 


ia 


G(r) = Ao,* = 
where c is a constant in the sense that it does not vary with r. 
When this state of stress has been reached, Ao; and Ag: will be 
zero, and they will remain zero as the flow continues. Equation 
[36] now shows that the flow will proceed in accordance with the 
law 

do,* E 


c 
ar (A; + vA2) S= [60] 


Equation [32] gives the corresponding expressions for de,/dT and 
de,/dT. If these quantities are written ¢’/r and d ¢’/dr, the fol- 
lowing differential equation is obtained from Equations [32] 
and [60] 
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d c 
(61] 
dr r 
where c, = c (1 — v?)/E. 
After integration this gives 
da 
1+» 
roy 
[62] 
de di’ 1 C2 
vite 


where c, is another constant. 

If, as is usually the case when the steady state has been reached, 
the time function 7 may be replaced by a straight line T = nyt, 
these equations become 


C1 C2 
d 
dt Tr r 
€2 a 


where ¢ now represents ordinary differentiation with regard to the 
time. 

To this condition of flow there now corresponds a state of stress 
which, once it is reached, will not alter. This state of stress must 
satisfy the elementary conditions of equilibrium as well as the 
boundary conditions, but it is not dependent upon the conditions 
of internal stress which the ring happened to possess at the be- 
ginning of the flow. 

So far no method has been devised whereby this distribution of 
stress may be written in explicit form. The usual method so far 
has been to make a few step-by-step calculations, which soon lead 
to a close approximation of the steady state. The proof of the 
existence of a steady state is of great importance, however, not 
only because it will make the tedious step-by-step calculations 
unnecessary, but also because it permits a more exact determina- 
tion of the stresses which ultimately will be reached. 
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The Creep Curve and Stability of Steels at 
Constant Stress and Temperature 


By S. H. WEAVER,' SCHENECTADY, N. Y. 


The creep rate for steels at constant stress and elevated 
temperature is composed of (1) the strain hardening with 
a rate which varies inversely with time, and (2) an asymp- 
totic constant creep rate. The sum gives the creep rate 
at any time, and the formula for the total creep-extension 
curve. 

For steels with a physical or structural change during 
creep, a third quantity must be added to the creep-exten- 
sion formula, the test value of the quantity indicating 
the degree of instability of the test metal. 

To illustrate four of the principal types of instability, 
the author presents four sets of long-time creep tests ex- 
tending from 5500 hr to5 yr. They represent changes due 
to (1) carbide spheroidization, (2) ferritic banding, (3) 
dendrites, and (4) alloy segregations. 


formula for metals, and a check on the equations is made 

with many long-time creep tests which extend over various 
periods of time from 1000 hr to 5 yr. Some of the tests, particu- 
larly those for the longer time, are still running. 

The physicist has been interested in creep theory and tests 
ever since Sir William Thomson (Lord Kelvin) suggested the 
viscosity of solids. About 1910 Andrade (1)? in a study of 
plastic and viscous flow of metal experimented with wires of 
copper, iron, lead, tin, and frozen mercury. The extension-time 
curves for constant loads and temperatures had the same shape 
as the familiar creep-time curves for highly stressed steel. 

Andrade described the initial permanent extension where the 
velocity of flow decreased with time as plastic flow. When the 
variable rate decreased later to a constant value, the phenomenon 
was termed viscous flow. In this paper the plastic action will be 
called “strain hardening” and the viscous-flow rate termed a 
constant creep rate for constant stress and temperature. 

The basis of the proposed creep formulas is that the metals 
and alloys when held above certain constant temperatures and 
stresses, permanently elongate. The extension begins with a 
relatively high velocity or creep rate which quickly decreases in 
inverse proportion to time and approaches a constant or asymp- 
totic-creep rate. These conditions, as shown in Appendix 1 


[ PRESENTING the subject there is proposed a creep-time 


1 Turbine Engineering Department, General Electric Co., Sche- 
nectady, N. Y. Mr. Weaver was graduated from Purdue University 
in electrical engineering in 1903. Since that time he has been em- 
ployed continuously by the General Electric Company, Schenectady 
Works in various departments of design and engineering. For the 
past six years he has been in charge of the metallurgical section of 
the turbine-engineering department. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Main Research Committee for presentation at 
the Annual Meeting of THe AMERICAN Society OF MECHANICAL 
ENGINEERS, to be held in New York, N. Y., November 30 to Decem- 
ber 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 11, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


lead to the creep-extension formula for constant stress and 
temperature 


wheree = total creep elongation, in. per in. of length; », = 
constant creep rate, 10~7 in. per in. per hr (10~7 equals 1 per 
cent creep in 100,000 hr); a = strain-hardening constant; ¢ = 
time, hr; ft) = test constant indicating stability of metal struc- 
ture and is a “time modulus” for the rate of strain hardening; 
and b = test constant for a particular test and material, and is 
considered as zero for stable metals. 


THe CONSTANTS IN CREEP 


The creep characteristics of a given material at constant 
stress and temperature are defined by the asymptotic constant- 
creep rate v, and the strain hardening constant a. There is an 
equally important stability constant to which indicates the condi- 
tion or change in condition of the test sample during creep test. 
This conclusion is based on the following reasoning: After pass- 
ing Equation [1] through three test points, say the 200-, 500-, and 
1000-hr points on the creep-time test curve, project the calcu- 
lated creep curve toward zero on the time scale and the time 
axis is cut at some value ¢) given by Equation [2]. For a metal 
with unchanging structure during creep t should be 1 to 3 hr, 
and 6b near zero. These quantities are sensitive due to the high 
velocity of the initial creep, and allowance must be made for 
small errors in the readings for zero-creep elongation and in time 
for the temperature and load adjustment. Experience has 
shown that é can range from 1 to 3 hr and the material not show 
changing characteristics even in the longer-time tests. But when 
to is greater than 3 hr for the 1000-hr test, one can find a slowly 
changing material or an unstable condition. Chrome-ferrite 
streamers in an alloy steel gradually broke up in a long-time test 
but their presence was indicated by & of 4 to 8 hr. Heavy ferrite 
bands in an annealed rolled steel began creep with erratic or wavy 
curves; but when the banding was partly masked by heat- 
treatments, é ranged from 10 to 20 hr: The cast alloy steels gave 
to values from 2 to 50 hr, depending upon the before-test condi- 
tion of the material with respects to dendrites and extent of 
anneals. In the tests referred to later, the character and evi- 
dence of unstable changes in the steels will be noted. 


APPLICATION 


When creep tests at constant stress and temperature are 
plotted using linear-scale coordinates, the first 1000 hr contains 
a knee in the curve which sometimes nearly reaches to a 90-deg 
bend as shown in Fig. 1. When the creep curve is plotted on 
semi-log paper as shown in Fig. 2, the knee has disappeared 
and that part of the curve approaches a straight line. An in- 
spection of Equation [1] shows all quantities in the equation 
represent straight lines except v,¢ which causes the slight curva- 
ture in the early part of the curves when plotted on a semi- 
logarithmic scale. In practice, the first 1000 hr of a creep test 
at constant stress are plotted on a larger creep-extension scale 
than that shown in Fig. 2, after which a draftsman’s logarithmic 
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curve is used to fit a line to the test points. This fitting presents 
no difficulty as this curve is usually the smoothest one that can 
be drawn through the test points. Readings of total creep and 
time are then made from the curve at 200, 500, and 1000 hr (other 
time values can be used), and, when substituted in Equation 
{1], give three simultaneous equations with which the values of 
v,, a, and b are found. Equation [2] can then be used to calcu- 
late t. This method determines the value of v, and a from the 
difference in total creep between the first and second points and 
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between the second and third points, and, therefore, v, and a 
are independent of the zero in the time-elongation test readings. 


TEsTs 


As the proposed formula for the creep curve is based on the 
hypothesis that the velocity of the strain-hardening extension 
varies inversely with time, the validity of the formula must be 
supported by test results. 

The data published by Andrade (1) cover tests on wires of lead, 
tin, copper, and iron at different constant stresses and tempera- 
tures and are presented in the form of curves, tables and ‘‘vis- 
cosity constants,” or constant-creep rates. All of his curves and 
tables can be accurately duplicated for the entire lengths by 
Equation [1], including the copper curve in his Table 3 where no 
“final viscous flow’? was found, because the test ended before 
completion of the strain hardening. 

The General Electric Company is conducting many long-time 
creep tests at constant loads and temperatures on alloyed steels. 
The creep formula was used on 72 constant-stress tests of 1000 
to 2000 hr at temperatures of 752, 842, 932, 1022, and 1112 F. 
The equations applied to the curves at all of the temperatures 
giving the constant-creep rate, the strain hardening constant, 
and the stability constant. 

It was usually difficult to obtain a smooth semilog curve 
through the test points below 200 hr. Comparing with some 
shorter-time higher-rate tests, which could be plotted down to 
1 hr, it would seem that for apparently uniform metal structures 
there is required a small amount of creep extension to adjust the 
stress distribution within the test-metal section. 

The strain-hardening constant a, for all of the temperatures 
previously mentioned, ranged from 0.1 to 0.3 X 107% when the 
creep rate was near 1 per cent, that is, for v, = 0.5 to 5.0 x 107% 
in. per in. per hr. The unstable structures, the fine-grained oil- 
quenched steels, and all of the 1112-F tests tended toward the higher 
values of a for a given creep rate. For 1022 F and higher, the 
air-cooled and tempered steels had a structural formation, and 
strain-hardened rapidly, some in 150 to 450 hr, then extended at 
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an artificial constant-creep rate for the remainder of the 1000 hr. 
The same steels when fully annealed were stable with normally 
shaped creep curves for the 1000 hr and gave a final higher creep 
strength than the air-cooled treatment after 3000-hr tests. 

In addition to these tests, the formula was applied to 39 con- 
stant-stress creep curves of 5000 hr to 5 yr duration at 842 to 
1022 F. In these tests, the data contained in the first 1000 hr 
were used to project the creep curve to the end of the test fora 
check on the accuracy of formula. When the estimated creep 
curve and final creep did not agree with test results, a larger 
stability constant was always found. A search would produce 
evidence of a structural or metallurgical change occurring in 
the steel. 

The test constant to served as a sensitive indicator of stability 
of metal structure, but it cannot foretell the slow change of 
carbide spheroidization due to the temperature of test. Den- 
dritie cast steel not thoroughly heat-treated, rolled steel with 
ferritic banding, duplex structure of uneven grain size, and 
nonhardening steels containing alloy segregations are all subject 
during creep to changes in the structure of the steel which are 
detected by the to value. 
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A number of long-time tests will be presented in detail later. 
The tests were selected to illustrate the creep formula with 
special attention to the various types of structural changes in 
the steels. It must be understood that the long-time creep tests 
are presented here for their scientific interest only and are not 
representative of the practice of the General Electric Company 
in the use of materials for elevated temperature. While some of 
these steels have excellent properties, none of the tests presented 
fulfill all the present requirements or specifications for the chemi- 
cal composition, fabrication, and heat-treatment used at the 
present time. 


Lone-Time Tests 


The apparatus and methods of tests have been described by 
F. P. Coffin and T. H. Swisher (2). The operation and design 
of later furnaces have been described by P. H. Clark and E. L. 
Robinson (8). 

The creep data are presented in the form of tables where three 
points within the first 1000 hr and one point at the end of the 
test are recorded as “test” values of total creep per unit length. 
The first 1000-hr data are used to calculate the constants by 
Equation [1] which are tabulated as “calculated.’’ The total 
creep at the end of test is calculated with these constants in 
Equation [1] and checked against the tested value. In all of the 
cases of agreement with the final test point, the calculated creep 
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TABLE 1 CREEP-TEST DATA FOR NICKEL-CHROMIUM- 
MOLYBDENUM STEEL AT 842 F (450 C) 

ee ales 281 282 283 284 

Test data: 
Stress, lb andi eee 25000 21000 17000 13000 
e« at 200 hr. ( x 1074) 0.330 0.243 0.173 0.157 
eat 500hr.... (X 10738) 0.395 0.291 0.214 0.188 
eat 1000 hr. ; (X 107%) 0.451 0.332 0.247 0.213 
« at ti br (X 107%) 1.125 0.813 0.555 0.423 
200005 200006 200006 200006 

Calculated data: 
va.. (X 1077) 0.2530 0.1800 0.1023 0.0602 
a. (X 1078) 0.1445 0.1064 0.0930 0.0736 
b. (< 1078) 0.0078 0.0051 0.0130 0.0141 
to. . 1.1300 1.1200 1.3800 1.5500 
e att br.. (X 1078) 1.1200 0.8120 0.5720 0.4230 


@ Analysis: 2.05 Ni, 0.83 Cr, 0.54 Mn, 0.45 Mo, and 0.31 C. 

6 Test still running. 

Notre: Heat-treatment consisted of furnace cooling from 825 C, oil 
quenching from 675 C, and slow cooling from 425 C. 

Nore: From a log-log graph at 842 F (450 C) with ra = 1 per cent in 
100,000 hr, o = 47,000 lb per sq in., a = 0.26 X 1073, rng = 0.035 K 107 
(o/i0, 000)?- “4 anda = 0.055 X 107 000) 


curve represents the smoothest curve that can be drawn through 
the test points and is evidence of the correctness of Equation [1]. 

Results of @reep test of five-years’ duration, and which is still 
running is presented in Figs. 1 and 2. The material used in the 
tests consists of four bars of forged nickel-chromium-molyb- 
denum steel which were heat-treated by furnace cooling through 
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Fic. 3. Time REQUIRED TO SPHEROIDIZE CARBON STEEL 


(Normalized curve is for cast, forged, or cold-rolled steel heated to 900 C and 

air cooled. The differences in the dashed and solid curves are due to the 

degree of spheroidization used as a standard. Spheroidization increases the 

creep rate ten times. Curves = from data published by Bailey and 
oberts 


the critical temperature of the steel. The microstructure before 
test was not obtained on these four bars but a supposedly dupli- 
cate bar shows a structure that approaches a normalized or air- 
cooled steel. Table 1 records the chemical analysis, heat-treat- 
ment and the creep-test results on the four bars or test items. 
From 100 to 20,000 hr, the test and formula give an almost per- 
fect agreement. Beyond 20,000 hr, there begins a slow separation 
of the calculated and tested creep curves, the tested values 
becoming the larger. The four items pass a minimum creep rate 
in 20,000 to 23,000 hr. At 37,000 hr the tested total creeps are 
6 to 9 per cent higher, and the actual creep rates are 22 to 26 
per cent greater than the calculated values. Seeking an explana- 
tion for this action involved consideration of many causes and 
close observation of the test for 1 to 2 yr. Eliminating all the 
suggested causes, including actual surface oxidation and thermo- 
couple deterioration, there remained only the effect of slow car- 
bide spheroidization in the steel. 
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TABLE 2 Coa tt DATA FOR ANNEALED HOT-ROLLED 
L BAR? AT 857 F (458.3 C) 


Test data: 
Stress, |b per sq in.......... 29068 21045 17032 13018 9005 
at 200 hr.. (xX 1074) wea eee ane oan 
eat 1000 hr.. (xX 1074) 15.6 3.42 1.62 0.905 0.470 
eat tf br. .(X 1074) 39.0 11.75 8.60 4.040 1.440 
ti = end of test, Rieiecads 5000 7500 14000 14000 14000 

Calculated data: 
55.8 12.40 4.83 2.05 0.555 
0.670 0.480 0.388 0.300 0.206 
b.. (X 107%) —8.600 -—0.740 0.025 0.200 0.204 
eat ti hr... (X 107%) 39.000 11.90 8.340 3.920 1 430 


@ Analysis: 1.78 Ni, 0.77 Cr, 0.55 Mn, 0.36 Mo, and 0.37 C. 

Note: Heat-treatment consisted of furnace cooling from 825 C. 

Note: From a log-log graph at 857 F (458.3 C) with rs = 1 per cent 
in 100,000 hr, the stress ¢ = 10,800 lb per sq in., a = 0.25 X 1073, 14 = 
0.74 1077(¢/10,000)3-83, and a = 0.23 X 107 


Spheroidization in carbon steel has been investigated by 
Bailey and Roberts (4). In the pearlitic grains of an annealed 
steel, when viewed at a high magnification, the iron carbide 
appears in a lamellar formation. Upon prolonged heating, the 
carbide laminations coalesce into minute globular forms. Bailey 
and Roberts found that the time required for this change and the 
temperature were related by the law common to the time- 
temperature for many physical changes and chemical reactions, 
that the time for change is not influenced by the presence of a 
creep stress, and that the effect of a fully changed structure was 
to increase the creep rate approximately tenfold. Their formula 
and tests, abridged in Fig. 3, show that the time required to 
spheroidize a carbon steel at 450 C is between 80 and 300 yr. 
The variation in time is due to the long-range projection of the 
general time law from tests over the 1- to 1000-hr period. In the 
2 yr after the minimum creep-rate points in the tests listed in 
Table 1, the effect of spheroidization upon the creep rate would 
be approximately [(10 — 1)2]/80 = 22.5 per cent increase, 
which compares with 22 to 26 per cent for the tests. This carbide- 
spheroidization factor must be so slow-working at 842 F (450 C) 
that the influence cannot be measured until after 2 yr. There- 
fore, it does not appear to invalidate the proposed creep formula, 
but rather is an element to add to the formula for very long tests 
or for higher-temperature service conditions. It should be par- 
ticularly noted that the steel in Table 1 was tested for 5 yr at 
constant stresses and at 842 F (450 C), and that the creep test 
indicates the unusual creep strength of 47,000 lb per sq in. for 
an asymptotic or constant-creep rate of 1 per cent in 100,000 hr. 

Table 2 records the creep tests upon an annealed hot-rolled 
steel bar with a chemical composition similar to the previous 
creep tests. The creep curves were published by Clark and 
Robinson (3). The temperature is 857 F (458 C) and some of 
the test bars have run 14,000 hr. In the first 700 hr, the creep 
curves had erratic fluctuations so that data from the first 1000- 
hr period cannot be used. Therefore, we can rely only upon the 
v, and a constants found with longer-time data. Values in 
Table 2 were calculated from readings at 1000, 4000, and 10,000 
hr. The b values indicate that the curves should be shifted up or 
down different amounts. The ft) values are not given since the 
variation in the creep curves at the beginning of the test does not 
furnish data for the calculation. 

This test shows that the creep curves for the longer periods 
follow the logarithmic law expressed by Equation [1]. The low 
values for the creep stress and high creep rates are due to the com- 
bined effect of anneal heat-treatment and to the banding in the 
steel structure. 

A longitudinal section of the steel before it was tested is shown 
in Fig. 4. The white lines are ferrite containing nickel. They 
were originally dendrities segregated in the cast ingot, and during 
the rolling process were lengthened into threads running length- 
wise in the rolled bar. To detect such structural irregularities 
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as are produced by the working of steel, all creep-test materials 
are studied by a longitudinal section and not a cross section of the 
bars. The white ferrite threads are weaker in creep strength and 
in strain hardening than the alloyed dark steel. The division of 
load changes with the creep extension, the white threads taking 
less load and the dark metal more load until a stable condition 
is reached. In this particular test with 43 per cent of cross- 
sectional area in white bands, it was estimated that the white and 
black metals began creep with equal stress loads but finally ap- 
proached a condition where the white metal had about 0.3 and the 
black metal 1.7 times the average bar stress. It is only after 
such a structural and creep-strength equalization of load that 
stable conditions are obtained in creep. Depending upon the 
amount and actual form of banding present in the steel, one must 
expect distorted or even erratic creep-extension curves in the 
early part of the test. 

Another example of changing conditions within the metal is 
found in steel castings with dendritic segregations insufficiently 


Fic. 4 Structure or Ni-Cr-Mo BEFORE TESTING, SHOWING 
BANDING IN ANNEALED STEEL— X 100 


dispersed or broken up in the heat-treatment. Table 3 records 
the results of tests by Coffin and Swisher (2) on four items of 1.4 
per cent manganese cast steel tested under constant loads at 
842 F (450 C). Fig. 5 shows the metal structure in a section after 


TABLE 3 CREEP-TEST DATA FOR MANGANESE CAST STEEL? 
AT 842 F (450 C) 


Stress, lb per sq in 
200 hr 


1077 29.20 
1.43 
2.14 

31.20 

10-3) 19.12 

@ Analysis: 1.42 Mn, and 0.31 C. 

Nore: Heat-treatment consisted of holding at 900 C for 6 hr and fur- 
nace cooling; holding at 850 C for 4 hr and furnace cooling; and holding 
at 750 C for 4 hr and furnace cooling. 

ore: From a log-log graph at 842 F (450 C) with va = 1 per cent in 
100,000 hr, the stress ¢ = 7600 lb per sq in., anda = 0.25 X 1078, 
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5450 hr in the creep test. The white metal is ferrite or nearly 
pure iron. The stronger dark alloyed steel encases the isolated 
volumes of iron. During creep extension, the dark metal mechani- 
cally squeezes and elongates the white volumes, producing a 
very slow but continuous strengthening of the total bar in 
creep. The same mechanical action in the beginning of the test 
gives considerable value to t, the stability indicator, and en- 
larges a the strain-hardening constant. 

Levine (5) in the discussion of the paper by Coffin and Swisher 
(2), proposed an accurate formula to cover the particular test 
for which the values in Table 3 are given. This equation is 
similar to the one proposed earlier by Andrade (1). Neither form- 
ula covers the very long-time tests on metals of uniform structure. 
Due to the mechanical action on the encased dendrites described 
previously, the author believes it is impracticable to fit a formula 
to the ergep curve for a dendritic casting because such a formula 
must contain a factor which would change with the amount and 
condition of the dendrites present in the steel. 


STRUCTURE OF MANGANESE Cast STEEL AFTER CREEP TEST 
or 5450 Hr at 842 F, SHowinG DenprRITES— X 100 
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The creep characteristics and Equation [1] were checked by 8 
number of other long-time tests on castings. Table 3 was selected 
as representative of the greatest difference for steel castings be- 
tween calculated and test results. In all cases there was a con- 


TABLE 4 CREEP-TEST DATA AT 1022 F (550 C) FOR STAINLESS 
IRON ALLOYED WITH 3 PER CENT TUNGSTEN? 


@ Analysis: 11.61 Cr, 3.01 W, 0.43 Mn, and 0.084 C. 
Nore: Heat-treatment consisted of furnace cooling from 800 C. 
Nore: From a log-log graph at 1022 F (550 C) with va = 1 per cent 
in 100,000 hr, the stress ¢ = 5600 lb per sqin., anda = 0.2 < 107% By 
test at 10,000 hr, o = 12,000 lb per sq in. 


ie Test data: Test data: 
eat 500 hr.........(X 1073 3.185 1.340 0.575 0.240 S08 1.59 0.84 
eat 1000 hr........(X 107%) 5.075 2.030 0.778 0.307 2.08 1.10 
ea atti br...........(% 107%) 18.400 6.100 1.840 0.600 3.86 1.95 
alculated data: Calculated data: 
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tinued creep strengthening so that calculations based on test 
values would have a conservative error. 

Another type of instability in metal structure is that of alloy 
segregations such as illustrated in “ferritic’’ or nonhardening 
steels. Table 4 records the creep-test and calculated constants 
for a constant-stress test at 1022 F (550 C) for 10,000 hr on a stain- 
less iron with 3 per cent tungsten, annealed at 800 C. Using 
Equation [1] with the constants obtained from data in the first 
1000 hr of test, the calculated total creep at 10,000 hr is 2 to 2.5 
times the tested values and the creep rates are 13 to 25 times the 
actual, so there probably is a decided change in the metal struc- 
ture continuing beyond the first 1000 hr of the creep test. 

The micrographs of the steel before and after test show a con- 
tinuous and uncompleted structural change in the steel, the total 
change increasing with the stress in each item and time in creep 
test. Fig. 6 shows the structure before test. Fig. 7 is item 298 


Fic. 6 Strrucrure Berore Testine or STAINLESS [RON ALLOYED 


With 3 Per Cent TunGsten—  X 100 


of Table 4 after 10,000 hr of creep test at 12,500 lb persqin. The 
lower stressed items 299 and 300 of Table 4 are intermediate. 
The white streamers of chrome ferrite contain a progressive 
growth of a structural formation increasing with the stress or 


TABLE 5 CREEP RATES OF ITEM 297 


Stress, Ib Temperature, 

Time, hr per sq in F Total creep 
1000 15000 1022 7.50 X 1078 
3400 step down 1022 0.47 X 1073 
2350 step down 1112 0.65 XK 1078 


TABLE 6 PHYSICAL PROPERTIES BEFORE AND AFTER CREEP 
TEST OF STAINLESS IRON ALLOYED WITH 3 PER CENT 


TUNGSTEN 

Before 
creep test After creep test-———~ 
Item no All 297 298 299 300 

Tensile strength, lb per sq in...... 99200 104200 94000 90000 

Elastic limit, lb per sq in......... 59000 56000 47000 47000 
Elongation, per cent............. 25.5 23.5 26.5 26.0 26.0 
Reduction of area, per cent....... 66.8 57.2 62.6 61.3 39.4 
Charpy notch test results......... 58.0 22.5 31.1 35.0 36.6 


total creep extension. That the structural changes were not 
completed at the end of the constant-stress test is evidenced by 
Fig. 8, where another test item 297 showed the successive creeps 
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listed in Table 5. This test item shows an approach to a uniform 
structural formation within the steel. The physical properties 


at room temperature determined before and after creep test also 
indicate a metallurgical change as shown in Table 6. The ten- 
sile strength and elastic limit of items 299 and 300 had a de- 


Fig. 7 Srrucrure or Item 298 Arter Testine 10,000 Hr at 
12,500 Lp Per Sq In. Constant STRESS AND 1022 F— x 100 


Fig. 8 Srructrure or ITem 297 Arrer TestInG 4400 Hr at 1022 F 
AND 2350 Hr at 1112 F—x 100 


cided drop. These items represent the first part of the strue- 
tural change. Items 297 and 298 have increasing strength as the 
new structures become effective. The greatest change occurs 
in the Charpy notched impact values. The original impact was 
very high so that the values after creep test are not subnormal. 
The creep strength of this material in the unstable condition 


750 


used in the creep test varies greatly as the structural changes 
progress. If the creep strength were stated as the stress that will 
produce a constant rate of creep of 1 per cent in 100,000 hr, 
then the creep strength of this stainless tungsten iron in the con- 
dition used for the 1022-F test, the results of which are given in 
Table 4, is 5600 lb per sq in. when based on Equation [1] and the 
creep curves during the first 1000 hr of test. Other results are 
8100 lb per sq in. for the 4400-hr step-down test of item 297; 
8600 lb per sq in. for the same item continued at 1112 F, a higher 
strength for a higher temperature; and 12,000 lb per sq in. from 
the actual creep-rate values in the constant-load test at 10,000 
hr. It must not be assumed that uniform structure being ap- 
proached in Figs. 7 and 8 is the strongest stable structure for 
creep. A heat-treatment at 950 C with slow cooling or oil quench- 
ing produces a homogeneous structure, while the oil quenching and 
tempering produces a creep strength of 14,500 lb per sq in. at 
1022-F in a step-down test. Further studies on this material for 
structural strength and stability were discontinued in favor of 
another material. 

The evidence of the structural changes in the material that oc- 
curred during the creep test of the stainless tungsten iron, 
results of which are given in Table 4, not only shows the diffi- 
culty of any theoretical creep formula to meet such changing con- 
ditions, but the improbability of predicting long-time performance 
of a nonhomogeneous or unstable material by means of any short- 
time or step-down test. It also plainly indicates the desirability 
in practice of using a steel that has an initial uniform structure 
which is in a stable condition. 

The four long-time creep tests considered previously rep- 
resent four of the principal types of instability in the 
structure of steel at elevated temperatures. The spheroidization 
of carbon is a slow-working and strength-decreasing metallur- 
gical change that cannot be avoided in the steels containing 
carbon. The ferritic bands in rolled steel, the dendrites in steel 
castings insufficiently tréated, and the alloy segregations as in the 
nonhardening steels are metal structures initially weak in creep 
and which usually but not always strengthen as the structure 
changes and creep extends. These nonuniform structures can be 
avoided in commercial products, and stable steels of higher creep 
strength can be obtained. The importance of the steel structure 
is emphasized by a comparison of Tables 1 and 2 where metallur- 
gical conditions in the structure of the steel make a difference of 
four to one in the very long-time-tested creep strength. 


CONCLUSIONS 


With the assumption that initial creep at constant stress and 
temperature is a strain hardening phenomenon with a velocity 
that varies inversely with time, the creep extension due to this 
plastic flow is equal to a strain hardening constant multiplied 
by the logarithm of time. In the viscosity of solids, under stable 
conditions there would be a viscous flow at a constant rate which 
would produce a creep extension of constant creep rate multi- 
plied by time. The total creep extension for a structurally stable 
metal at any time is equal to the sum of these two products. The 
creep properties of a steel under constant stress and temperature, 
including the initial creep, is defined by (1) the strain-hardening 
constant and (2) the constant-creep rate. 

An unstable steel is one in which a slow structural change oc- 
curs within the metal during creep. For such material a third 
constant must be added to measure the degree of instability, all 
the effects being represented by Equation [1]. This third con- 
stant or remainder in the creep formula should be small for a 
stable metal. 

The application to a creep test for 1000 hr consists in plotting 
creep extension against log of time so that the bend in the creep 
curve approaches a straight line. Creep extensions at 200 500. 
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and 1000 hr are read from the curve and the three creep constants 
calculated. 

Many of the 1000-hr constant-stress tests were followed by a 
step-down test a total of 3000 hr. This served as a check on 
constants calculated from data in the first 1000 hr, and micro- 
graphs of structures before and after test, with the specimens 
mounted and prepared together, checked the stability constant 
of the material. Routine calculations were applied to 72 creep 
tests of 1000 to 2000 hr duration. The asymptotic constant creep 
rate was always a little less than the tested rate at 1000 hr, and 
the strain-hardening constant for the initial creep could be judged 
closely by the total creep at 1000 hr. The practical importance of 
the formula lies in the sensitivity of the stability-of-metal con- 
stant which can detect small continuous changes in the metallur- 
gical structure of the metal, changes which were difficult to find 
in the physical properties or micrographic studies. 

The accuracy of the formula was also checked by 39 very long- 
time tests extending from 5000 hr to 5 yr. From data in the first 
1000 hr, the creep curves were projected to end of test. When 
calculations and test results did not agree the stability constant 
always had an appreciable value (or b > 0.5a). It was then 
necessary to prove the structural instability of the steel. 

From the longer creep tests, four sets of curves were selected 
and presented in detail as representative of four principal types 
of metallurgical instability. 

Spheroidization of carbon is illustrated by four tests at 842 F 
(450 C) which agree with the creep formula for 2'/; yr, then began 
a slow increase in creep until at the end of 5 yr the total creep in 
the four bars was 6 to 9 per cent greater than calculated values. 
Spheroidization at this temperature is such a slow-working factor 
that it cannot be detected by the stability constant and does not 
enter the creep calculations until after 2'/; yr. It becomes of in- 
creasing importance with higher temperatures. The tests on this 
steel indicate a creep strength of 47,000 lb per sq in. for an asymp- 
totic constant-creep rate of 1 per cent in 100,000 br at 842 F 
(450 C). 

Ferritic banding in rolled steel of approximately the same 
chemical analysis as the previous test is represented by five 
items tested up to 14,000 hr. The banded threads of ferrite 
caused erratic creep readings for 700 hr. From 1000 to 14,000 
hr, the test and creep formula agree. The tested creep stress of 
10,800 lb per sq in. produces an asymptotic constant-creep rate of 
1 per cent in 100,000 hr at 857 F (458 C). With 43 per cent of 
the total bar section covered by the area of ferrite threads, which 
if assumed at zero strength, the creepstrength would be 19,000 lb per 
sq in. Hence, the difference in creep strength between the later 
value and the previous test must be accounted for by other 
metallurgical conditions of the steel. 

Dendrites in steel castings insufficiently broken up by heat- 
treatment are illustrated by a 5450-hr test on four cast-steel bars 
at 842 F (450 C). This and other tests on cast material in similar 
condition always gives from the data in the first 1000 hr an in- 
creased strain hardening constant and an excessive stability 
constant. The creep strength slowly increases as extension 
progresses and at 5450 hr the tested total creep is 7 per cent below 
the calculated value. 

Alloy segregations producing an unstable steel in creep is 
represented by four items from the same bar of 12 per cent 
chromium iron with 3 per cent tungsten tested for 10,000 hr at 
1022 F (550 C). The segregations of chrome ferrite in clear 
streamer form progressively broke up during creep, then acicular 
formations began in the interior of each section until the struc- 
ture could not be recognized as being related to the original. 
The stability constant in the first 1000 hr signaled a changeable 
steel. The same data indicated a creep stress of 5600 Ib per sq in. 
while tests at 10,000 hr gave a creep stress of 12,000 lb per sq in. 
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for a creep rate of 1 per cent in 100,000 hr. By test the total creep 
was 50 per cent of the calculated value. 

There are other types of metallurgical instability in the creep 
of steels but the four referred to in this paper are believed to 
lead in importance. The tests were selected as representing un- 
stable creep material that can be found in high-quality commer- 
cial products but which can be placed in a stable and stronger 
creep condition. 


Appendix 1 


When a bar of metal previously unstrained is held at a certain 
constant temperature and a load is applied producing a certain 
constant stress, three distinct movements occur: (1) The bar 
elongates elastically, instantly responding to the strain accord- 
ing to Young’s modulus; (2) the bar extends plastically, begin- 
ning with a relatively high velocity which quickly decreases with 
time; and (3) the bar continuously elongates at a smaller con- 
stant rate which is viscous flow in accordance with the theory of 
solid viscosity. 

These three phenomena exist at the same time. As elastic 
elongation is independent of time it need not be further con- 
sidered. Assume that the rate of plastic extension v’ varies in- 
versely with time ¢’, then the product v’t’ equals a constant. 
The initial velocity of plastic flow cannot be infinite, but must 
begin at a high value ») which corresponds to time fo. This is 
expressed as 


vt’ = k= volo 
and 
’=t+ tb 
where ¢ is the actual time measure. Then 
Volo 
t+ to 


Let v, equal the constant viscous-flow rate. Then the flow rate 
v at any time ¢ or creep rate for constant stress and temperature 
is 
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and the total creep extension at any time is 


vdt = + volo log (¢ + to) — volo log to 
0 
These equations can be written in simpler form for application 
to creep tests by using common logarithms and 
a = 2.3voto 


Practically, logis (¢ + to) = logiot. Then, for constant-stress creep 
tests 


a 
23 
and 


where e« = total creep elongation, in. per in. of length; », = 
constant creep rate for constant stress and temperature; a = 
strain-hardening constant; t = time, hr; v = creep rate at any 
time, in. per in. per hr; 6 = test constant for a particular test 
and material; and é) = time modulus for rate of strain hardening, 
or a test constant indicating stability of metal structure. 
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Design Aspect of Creep 


By R. W. BAILEY,' MANCHESTER, ENGLAND 


This paper is an abstract? of a manuscript submitted 
by Mr. Bailey at the request of the Plasticity Committee 
of the Applied Mechanics Division through its chairman, 
Dr. Nadai. The paper is also an abridgment of Mr. 
Bailey’s paper read before the Institution of Mechanical 
Engineers, London, November 22, 1935. The purpose of 
this abstract is to indicate the wide range of topics 
treated fully in the original paper and to give a useful and 
adequate summary of this pioneer work by Mr. Bailey. 

In many cases, because of lack of space, the bases of the 


dition of general creep will occur presents two principal 

requirements. A _ satisfactory means is necessary for 
determining the stress distribution and for relating creep in 
the practical case, which is usually one involving compound 
stress, with that of simple tension for which practically all test 
data have been obtained. Also, it is necessary that test data 
be obtained under conditions comparable with those in practice, 
particularly in regard to the amount of creep permissible and 
any weakening effect of service upon the material. 


L Vciion of parts for elevated temperatures where a con- 


GENERAL EXPRESSIONS FOR CREEP 


The author proposes the following expressions for creep under 
the general system of stress specified by the principal stresses 
X, Y, and Z (+ when tensile) 


c, = 4 + 1/(% — X)* + — 


2 


A 
- Y)? + — X)? + '/.(¥ — Z)? 


— Z)"—2m — (xX — | [2] 


— — (y — 


where C,, C,, and C, are the tensile creep rates in the directions 
of X, Y, and Z, respectively; and where A, m, and n are con- 
stants which can be determined experimentally from simple 
tension and torsion tests. These formulas demand further that 
the sign of a term within parentheses in the last bracketed factor, 
if this term happens to be negative, be arbitrarily made positive 


1 Metropolitan-Vickers Electrical Co., Ltd., Manchester, England. 

? Abstract prepared by G. H. MacCullough, Professor of Engineer- 
ing Mechanics, Worcester Polytechnic Institute. 

Presented at the Annual Meeting of THz AMERICAN Socrrpry oF 
cca ENGINEERS, held in New York, N. Y., December 2 to 6, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


author’s conclusions are not discussed in this abstract 
nor are the mathematical derivations included. The 
reader interested in these details should consult the 
London paper. Footnotes have been added to this ab- 
stract mentioning references which are readily available 
and which will supplement and illuminate this abbre- 
viated treatment. Comprehensive and somewhat differ- 
ent abstracts of the original London paper have also 
appeared in ‘“‘Engineering,’’ November 29 and December 
13, 1935, and in “The Engineer,’’ December 6, 1935. 


and that the sign in front of the parenthesis be changed in this 
case. 

The case of simple tension, tensile stress = X, say, is given 
by Equation [1] by setting Y and Z equal to zero, that is 


Equations [1], [2], and [3] are based upon the following views 
of creep in a polycrystalline isotropic material: 

1 Creep is due to shear uninfluenced by the stress acting 
perpendicularly on a plane of shear. 

2 Creep is not confined to planes of maximum shear stress 
but occurs on planes of lower shear stress than the maximum. 

3 Creep by shear upon a plane is, as a rule, influenced by 
the general system of stress as represented by the specific elastic- 
shear strain energy. In other words, creep by shear upon a 
plane may be influenced by shear stresses upon other planes. 

The dependence of rate of creep upon shear stress is reflected 
in the last bracketed factor of Equations [1], [2], and [3]. For 
instance, C, must be some function of (X — Y) and (X — Z). 
This is the case because the creep is dependent upon shear 
taking place on planes parallel to the Z- and Y-directions and 
the shear stress on the former is proportional to (X — Y) and 
on the latter to (X — Z).* The first bracketed factor represents 
the influence of elastic-shear strain energy‘ and is introduced by 
the author to represent the effect of the general system of shear 
stress acting as a whole, it having been found experimentally 
that the last bracketed term alone would not give correct creep 
rates under all conditions. 

Experimental Verification. To verify the validity of these 
general creep expressions, the author performed several experi- 
ments. One set gave the creep results on lead pipe subjected 
to combined stress arising from a constant internal pressure and 
a variable axial tension. The circumferential tension was kept 
coastant at 900 lb per sq in. The calculated curves, using 
Equations [2] and [3], are shown in Fig. 1 and the experimental 
points are plotted alongside. The agreement is rather good. 
In plotting these curves, m was taken equal to 3!/; and n equal 
to 11. A more general way of plotting is shown in Fig. 2 where 
abscissas are the ratio of axial tensile stress to circumferential 
stress (constant) and ordinates are relative creep rates obtained 
by considering A Y” equal to unity. The axial stress Z is variable 
and is expressed as aY; Y is the constant circumferential stress; 
and X is zero. 


3’ Consult the chapter on combined stress in any strength-of-ma- 
terials textbook. For a discussion of three-dimensional stress, see 
“Plasticity,”’ by A. Nadai, McGraw-Hill Book Company, New York, 
N. Y., 1931, chapters 7 and 8. 

4 “Plasticity,” by A. Nadai, McGraw-Hill Book Company, New 
York, N. Y., 1931, chapter 13. 
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It is of interest to note from Fig. 1 that the axial creep rate 
becomes zero at 450 lb per sq in. which stress is exactly one-half 
the circumferential stress and is the stress system set up by 
internal fluid pressure in a cylinder. The existence of this zero 
creep rate, together with lack of creep in the wall thickness of a 
tube in simple torsion, forms the basis of the author’s important 
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Fig. 1 Creep Leap UNDER CoMBINED STRESSES 
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Fig. 2. Creep UNDER CoMBINED STRESSES 


(Relative values of cree rates of a thin-walled pipe under internal pressure 
with an axially applied external load. Calculated for values of m = 3.5 
and n = 11 as found for lead pipes.) 


conclusion that creep is due to shear uninfluenced by the stress 
acting perpendicularly on a plane of shear.’ As a corollary of 
this conclusion, a hydrostatic tensile or compressive stress may 


5 “Creep of Steels Under Simple and Compound Stresses and the 
Use of High Initial Temperatures in Steam Power Plant,”’ by R. W. 
Bailey, Transactions World Power Conference, Tokio, sectional 
meeting, vol. 3, 1929, p. 1089. Abridged in The Engineer, vol. 148, 
1929, p. 528, and in Engineering, vol. 129, 1930, p. 265. 
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be added to a system of stress without altering the creep behavior. 

The results of further corroborative tests are shown in Fig. 3 
Here a thin-walled tube was subjected to combined torsion and 
tension while the maximum shearing stress was kept constant. 
The creep rates in the directions of the principal stresses are 
deduced from experimental results and check fairly well with the 
calculated curves. The disagreements in the axial creep rates 
shown by the lower curve are very likely due to a departure from 
isotropy of the material. Another figure (not included in this 
abstract) shows the results of further tests on isotropic material 
and the agreement is almost perfect. 

One additional test was made where torque was applied to a 
lead tube under internal fluid pressure with results as shown in 
Table 1. The fluid pressure developed a circumferential tensile 
TABLE 1 CREEP RATE WHEN DIAMETRAL CREEP RATE * ae 

FLUID PRESSURE ALONE IS REPRESENTED BY UNIT 
Circumferential 


Axial (twist) Diametral 
Results of tests. 5.73 6.12 
Results of calculation. . 7.65 6.05 
10 
| ,Y 
a = 
0.8 
NS ¥ (const) 
0.6 > 
Calculated, 
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Fie. 3 ComBINED TORSION AND TENSION TEsTs ON 0.115 PeR CENT 
Carson M.S. TusE 
{Maximum shear stress = 3.12 tons per sq in. (constant) at 475 C.] 


stress of 750 lb per sq in. and .the torque produced by itself a 
shear stress of 250 lb per sq in. The calculated® and experi- 
mental figures are in remarkable agreement and afford striking 
testimony regarding the utility of the suggested form of expres- 
sion for creep under any stress system. 

Influence of Temperature on Creep Constants. The influence of 
temperature on the constant A is discussed and it is suggested 
that it be replaced by ae”, where @ is the temperature and a 


TABLE 2 


Range of tensile stress in tons per sq in. 
0 to to 5 Over 5 
Values of b for temperatures, C..... 0.1 0.15 0.2 


and b are empirical constants. Creep-test data obtained by 
tensile tests show that b increases with the stress. For carbon 


‘In Mr. Bailey’s original paper read before the Institution of 
Mechanical Engineers, the author derives expressions for linear and 
angular creep rates in thin tubes. Similar expressions for strains 
may be found in ‘“‘Applied Mechanics,”’ vol. 2, on Strength of Mate- 
rials, by C. E. Fuller and W. A. Johnston, John Wiley and Sons, Inc., 
New York, 1919, article 42, Equations [6] and [11]; or in ‘‘Theory 
of Elasticity,” by 8. Timoshenko, McGraw-Hill Book Company, 
New York, N. Y., 1934, article 58, Equations [111] and [112]. 
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and low-alloy steels in cases 
of simple tension and of com- 
plex stress producing the 
same shear stress, it is sug- 
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gested as a guide that the 


value b be taken as given in 
Table 2. 
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APPLICATIONS TO DESIGN Qa 
PROBLEMS 42 

Hollow Cylinders Subjected NIN 
to Internal Pressure. The 


author now applies these gen- 


fe 


eral creep expressions to some 


givin 
ra 
~ 


particular problems. The vy 
first problem is that of thick 22 09 
cylinders, piping and tubes ~ 
under internal pressure, with wS 08 
or without heat flow through [3 N 
the wall. For design pur- 


poses, the mean hoop stress 


be 


Permissible working overage hoop siress. 


is expressed as a ratio to 
the stress f which in simple re 
tension would produce a creep N N 
rate equal to the diametral 
creep rate at the bore. This &y 

we 


ratio p is derived by the 
author in terms of rm, the 
internal radius of the cylin- Q 
der; T2, the external radius; 


m and n, indexes in general 
expressions for C,, C,, and C,; 
H, the heat flow across unit 


length of cylinder in unit time | | 
(+ when toward axis of cyl- o 


inder); AK, the coefficient of 
thermal conductivity of the 
metal; and b, the coefficient 
of temperature @ in expres- 
sion A = ae”, The equation 
for p is represented graphi- 
cally in Fig. 4. 

In dealing with cylindrical parts, the diametral creep rate at 
the bore has been employed as a basic factor because it is the 
maximum diametral creep rate for the cylinder. 

As an illustration of the use of the curves of Fig. 4, the follow- 
ing example is considered. A 0.4 per cent carbon-steel cylinder 
of 2 ft inside diameter is required for a pressure of 2000 lb per 
sqin. The temperature of the inside wall is 450 C (842 F) and 
heat is transmitted from the outside to the inside at a rate of 
5000 Btu per sq ft per hr. 


Hence, H = 5000 X 2x4 = 31,400 Btu per ft length per hr. 

From tensile creep tests, a stress f = 4 tons’ per sq in. could be 
taken for simple tension (this gives a diametral creep strain of 
0.001 in. per in. in 100,000 hr at 450 C which is considered permissible) 
and therefore the middle diagram of Fig. 4 would be used. 

First Approximation. Assume p = 1, that is, f, = f. From the 
hoop-tension formula, fm(rz — = (2000/2240)rn. Solving for the 
ratio 

ra/r: = (0.892/fm) + 1 = (0.892/4) + 1 = 1.223 

Second Approximation. From Fig. 4, assuming re/r) = 1.223 and 
H = 31,400, we find p = 0.8 approximately and hence f, = 3.2 
tons per sq in. Recalculated 

rs/rm, = (0.892/3.2) + 1 = 1.28 
Third Approximation. Taking m/n = 1.28 and, from Fig. 4, 


7 Reference to tons in this paper means the English ton, equivalent 
to 2240 lb. 
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(H = heat flow per ft length of cylinder, Btu per hr, where H is positive when the flow is toward the axis and 
negative when the flow is away from the axis.) 


p = 0.75 approximately and f, = 3 tons per sqin. Recalculated 
r2/n = (0.892/3) +1 = 1.3 

Further approximation is unnecessary; the outside diameter of the 

cylinder would be 2.6 ft or the wall thickness, say, would be about 

33/4 in. : 


The stress distribution for the wall of this cylinder is given 
by Fig. 5 which for comparison shows the stress distribution for 
the case of no-heat transmission and also the stress distribution 
produced under elastic conditions by fluid pressure alone. The 
influence of temperature variation in the wall upon stress dis- 
tribution is evident. 

Steam Piping. The wall thickness of steam piping would 
rarely exceed 15 per cent of the bore and therefore generally the 
ratio of outside to inside diameter, or r2/r;, would not be greater 
than 1.3. It is seen from Fig. 4 for the case of no-heat trans- 
mission (H = 0) that the ratio p or f,,/f for carbon steel would 
probably range between 1.15 and 1.0, and consequently as a 
general rule it would be on the safe side to take p = 1, that is, 
Jn =f. Thus, it is quite satisfactory in the case of steam piping 
for high pressures and temperatures, where creep is a dominating 
factor, to employ a mean hoop stress equal to that which, under 
simple tension, would give a tensile creep rate (strain), or an 
amount of creep, equal to the diametral creep rate (strain) 
permissible at the pipe bore. 
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A question that arises is: How should bending and twisting 
moments arising from loading due to thermal expansion be taken 
into account? The effect of bending and twisting moments 
upon a cylinder under fluid pressure and creep has been studied 
in the original paper on the basis of the general Equations 
{1], [2], and [3]. In the case of torsion, it has already been seen 
that the predicted behavior for a lead pipe under hydraulic 
pressure and torsion was confirmed by experiment. It is con- 
sidered that the results obtained by analysis in the case of carbon 
steel are no less reliable. Briefly, analysis shows that the 
presence of stress due to the fluid pressure serves to increase 
greatly creep caused by bending or twisting with the result that 
any appreciable stress due to bending or twisting at the operating 
temperature would be quickly reduced by creep to negligible 
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Fie. 5 Stress, Creep Rate, AND TEMPERATURE DISTRIBUTION IN 
CYLINDERS UNDER INTERNAL PRESSURE 


magnitude with a corresponding reappearance of the stress 
reversed when the system is cold. There appears to be very 
good reason, therefore, why a steam piping system should be 
stressed initially by loading to the extent of the full load expected 
to result from thermal expansion, but in the opposite sense, so 
that at operating temperature the thermal stress is initially zero. 
If this is done, the design of piping for high temperatures is a 
simple matter from the stress point of view. At atmospheric 
temperature, the existence of the full thermal stress would usually 
be of no consequence. 

Rotating Disks. The complicated matter of stress distribution 
in rotating disks under creep conditions is also treated. In an 
appendix of the original paper the author derives a differential 
equation applying to this case. An exact solution of this equa- 
tion does not appear possible but a satisfactory solution can be 
obtained by successive approximations in a manner there out- 
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lined. The results of such an analysis are shown in Figs. 6 and 7 
for a 20-in. diameter disk with hub, turning at 3000 rpm. In 
Fig. 6 the stress distributions are shown and in Fig. 7, the dis- 
tribution of the creep rate in terms of the circumferential creep 
rate at the bore as unity. The heavy lines are for creep con- 
ditions and the light lines represent elastic conditions. The 
effect of creep in reducing the maximum stresses that would 
occur with purely elastic action is plainly evident. 
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DETERMINATION OF CREEP PROPERTIES FOR DESIGN 


The second part of the paper deals with the determination of 
creep properties for design and with allied topics. The author 
feels that the total permissible creep in service is, as a rule, 
much smaller than the creep that usually occurs in tensile tests 
made to determine data and, in this respect, most data are 
unsatisfactory in design. For some time, therefore, the author 
has made permissible creep the basis of tests intended to furnish 
data for design. 

Permissible Stresses. Tensile creep tests were carried out to 
determine times to produce a total creep strain of 0.001 in. per 
in., either directly measured or obtained by extrapolation. A 
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representative record for one of these tests at 515 C is given by 
Fig. 8. In Fig. 9, this same test and one at 575 C are shown 
using a logarithmic scale for time. For each stress a series of 
corresponding values of temperature and time to produce a total 


0 -0012 +— | + 
| for 0-001 Creep Strain 
| 
+ + + 
| | | lime fo reach 
0-0008' T 0-001 slrain = 4780 hours 
| 


| 


+ 


MOLYBDENUM "STEEL A | 
| Wefrom T Lhe: 


Ouration of Test in Hours 


Fie. 8 Creep Strain Curve or Motyspenum STeew at 515 C 


5% MOLYBDENUM ST. 


sree. att] 
Ht Quenched Tempered | | | 


0-0010 | | for 0-00! crvep strain 


ean 


| 


/ 


Creep Strain 
: 
8 


2 
Log Time- Hours 


Fie. 9 Creep STRAIN CurVE OF MoLyppeNuM at 515 C 
AND 575 C PLottTep AGAINST TIME AS A LOGARITHMIC SCALE 


660 0.0010 Strain 
\ —— 2 Tons/a"| 4/200 
620 ---6 Tons/a” 4 
'p TIN AS xtrapolated Times 41100 & 
< a 4 
KON 
§ ~jJ 
K Creep Strain 0.008 0.0088 
0-5 % MOLYBDENUM STEEL A 
460 Quenched & Tempered ; 
420 4800 
2 Q / 2 3 4 5 


Log. Time - Hours 


Fie. 10 AND TIME REQUIRED TO PRopucE A TOTAL 
Creep Srratn or 0.001 In. at 2 Tons PER Sq In. CurvEs) 
AND 6 Tons PER Sq In. (DasHED CuRVES) 


A-5 
TABLE 3 
Stress, tons per sqin.... 1 2 6 10 16 
we a Actual creep rate at a strain of 0.001 
Composition, per cent Ratio = 


Average creep rate at a strain of 0.001 


0.5 Mo, 0.3 C..... : a ee 0.40 0.31 0.25 
0.5 Mo, 1.0 Cr, 0.48 C. x4 0.67 0.56 0.43 0.26 
0.4 C4 0.51 0.38 0.33 0.29 ‘ 
0.3 Cb. a 0.60 0.32 0.32 


@ Forged and normalized. 
+’ Cast and annealed. 


creep strain of 0.001 is determined. The results obtained from 
a family of such curves are plotted as shown in Fig. 10. From 
such plots, the relation between stress and temperature shown in 
Fig. 11 is obtained for a total creep of 0.001 strain in 100,000 
hr based on tests involving only that amount of total creep. 
Provided that no change occurs in the material during service 
to affect seriously its behavior, the stress given by Fig. 11 may 
be used as working stress. The curve for proportional limit 
shown in Fig. 11 indicates the errors involved in using the pro- 
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portional limit for design purposes where the phenomenon of 
creep prevails. 

Relation Between Creep Rates. The creep rate at the time 
when the limiting creep of 0.001 was obtained has been expressed 
by the author as a fraction of the average creep rate and is based 
on investigations made by him. The results are shown in Table 3. 
For example, it is seen from Fig. 11 that a stress of 6 tons per 
sq in. at 490 C is expected to produce a creep strain of 0.001 in 
100,000 hr and at the end of this period the creep rate according 
to the above table would be 0.4 X 1078 strain per hr. 

Influence of Prolonged Heating Upon Creep Properties. Heating 
a steel over the period of service is a prolonged thermal treatment 
which may have important effects upon creep properties. It is 
essential, therefore, to investigate the influence of heating in order 
to judge whether such a stress-temperature relation as that shown 
by Fig. 11 would be valid in practice. Fig. 12 shows the results 
of investigations in this direction. If there were no preliminary 
heating, the time for a total creep strain of 0.001 at 560 C would 
be 40 hr. With a preliminary heating of 50 hr, for example, we 


« 
+ + + + + + 
A | | | 
+ + + + + + 
| 
+ + _ —+— | 4 + 4 + + t 
| | | | i 
| | | } 
+ + + + + + 


A-6 


see the time for limiting creep to occur is 27 hr. This curve 
shows that any preliminary heating of less than 20-hr duration 
gives an improvement in creep resistance or a stiffening. 

Upon the basis of changes in microstructure due to prolonged 
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heating, the author has also formulated Table 4 showing the 
time of heating at 650 C to produce an effect equivalent to 
100,000 hr at temperatures of 450, 475, and 500C. This table is 
based on the relation ¢ = 
Ae(3,000/T) where t = time in 
hours; 7 = absolute tempera- 
ture, deg C; e = base of Nape- 
rian logarithms; A = a constant 
the magnitude of which depends 
upon the character of the steel 
and its history. 

These values have been spotted 
on the curve of Fig. 12. The 
“450 C” point, for example, 
shows that a preliminary heat- 
ing at 450 C for 100,000 hr pro- 
duces the same resistance to 
creep as would heating for 4.9 hr 
at 650 C, 4.9 representing the 
abscissa of the point. From the 
curve we see that any prelimi- 
nary heating for 100,000 hr below 
a temperature of 475 C produces 
the same stiffening as a prelimi- 
nary heating of 20 hr or less at 650 
C. From this it may be in- 
ferred that the influence of oper- 
ating temperatures up to 475 
C is to improve the creep resist- 
ance of the material. The author 
shows further that this range 
may be extended to 500 C by 
making an allowance for the 
improved resistance occurring 
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during the early part of the heating. Fig. 10 shows a chain-dotted 
line AB representing a constant heating effect upon microstruc- 
ture equivalent to 20 hr at 650 C. Consequently, assuming that 
the creep behavior is in accord with microstructure as was 
found in the case of carbon steels examined, the curve AB divides 
the area of Fig. 10 into two regions, the area above AB being a 
region where the creep resistance becomes less than the initial value, 
and the area below a region where superior resistance prevails. 
Failure of Low-Alloy High-Creep-Resistant Steels. The author 
discusses finally the failure of low-alloy high-creep-resistant 
steels. It is concluded that “when an alloying element is used 
to increase creep resistance, that is, resistance of the grains to 
deformation, if it does not improve the endurance of the grain 
boundaries to a like extent, and the time for the full deformation 
of the grains to occur becomes greater than that for intererystal- 
line separation to take place, failure by the latter mode ensues.” 
Fig. 13 shows the development of intergranular failure of a 
molybdenum steel under creep as revealed in a photomicrograph. 


CONCLUSION 


An attempt has been made to deal briefly with some of the 
more important factors concerned in the development of a 
rational treatment of creep for the purpose of engineering design. 
In spite of the complicated nature of the phenomenon of creep, 
there is no reason why its treatment for design should not be 
made as satisfactory and reliable as is the treatment used for 
materials under elastic conditions. The author hopes that the 
paper may be useful as a contribution to this object and that it 
may lead to much needed investigation directed to the under- 
standing of creep under a general system of stress. 
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The Creep of Metals—IT 


By A. NADAI? ano E. A. DAVIS,* EAST PITTSBURGH, PA. 


In the following a few simpler cases of the slow flow of 
solids with particular reference to the creep of metals in 
the strain-hardening range are treated. These means 
should permit considering the effect of strain hardening 
when discussing observations on creep. Creep tests with 
soft and strain-hardened copper at room temperature are 


included. 

I the stress o must be increased to produce further plastic 
strain «. The stress under which it yields is not changed 

much by increasing the speed of stretching, so that in first 

approximation the stress o can be expressed by a monotonously 

increasing function of the plastic strain 


F a ductile metal is deformed permanently at low temperature, 


When temperatures, on the contrary, are sufficiently high, close 
to or above the softening range, the strains e increase with time 
t under a constant stress. Even though this stress may be small, 
creep shows up after a sufficiently longtime. Yielding progresses 
more rapidly as the stress becomes larger. The stress o is a 
monotonous function of the velocity with which the plastic 
deformations change or of the plastic rates of strain u = de/dt, 
so that 


o = g(u) 


Equation [1] expresses what is known as strain hardening and 
Equation [2] brings out the influence of the speed of deformation 
on the yield stress or what is known as viscosity or creep. 

A few special cases of f(e) and of g(u) which are of general 
interest have received attention, such as: 

(a) The Perfectly Plastic Material: f(e) = Const. In a 
general state of stress given by the principal stresses o, 2, os, 
the shearing stress 7, acting in the planes the direction cosines 
of which are +1/ V/ 3 (the octahedral planes with reference to a 
cube oriented according to the principal stress planes) has a 
constant value, where yielding occurs in the body, which can be 
expressed as 


l 


In many applications it is necessary to separate the elastic 
(recoverable) portion of a strain from its plastic or permanent 


portion. This is the case, for example, for an elastico-viscous 
material. 
(b) The Elastico-Viscous Material. Of the total strain ¢ (see 


Fig. 1) 


” 


1 For part I see ‘‘The Creep of Metals, 
55, 1933, paper APM-55-10, p. 61. 

2,3 Research Laboratories, Westinghouse Electric and Manufac- 
turing Company, East Pittsburgh, Pa. 
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The elastic portion «’ = o/E is assumed proportional to stress ¢ 
(E is the modulus of elasticity of the material) while according 
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t 


to the law of flow of viscous liquids the permanent portion «’ 
increases with stress o according to 


de” 


where ¢ is a constant (the coefficient of viscosity of the material 
for the given state of strain). Differentiating Equation [4] 
with respect to time ¢t we have 


de 
dt 


These quotients may be designated by u, u’ and u”, respectively, 
and called the total-, the elastic-, and the plastic-strain rates, so 
that 


The elastic-strain rate is u’ = 1/E (do/dt), while the plastic- 
strain rate is u” = ¢/@. Combining Equations [5] and [6a], Max- 
well’s equation for the elastico-viscous material is obtained 
de _ 1 de 
dt Edt 


For ductile metals with a high melting point, such as steel and 
copper, Equation [7] cannot be a true expression of the facts at 
lower temperatures because Equation [7] does not take account 
of strain hardening and because the plastic speeds of deformation 
u” increase much more rapidly with increasing yield stresses 
than would follow from the proportional relation given in Equa- 
tion [5]. At sufficiently high temperatures where softening 
starts, such a relation as Equation [5] may become quite useful, 
particularly for amorphous materials such as glass or materials 
having one important constituent which may behave like an 
amorphous mass. 

Experiments on the effect of the speed of deformation‘ of the 
polycrystalline ductile metals at comparatively low temperatures 
seem to favor more nearly the logarithmical law of velocity of 
plastic yielding. 


‘4 See reference in part I of this paper, Trans. A.S.M.E., vol. 55, 
1933, APM-55-10. 
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(c) The Logarithmical Law of Velocity of Plastic Yielding. 
This may be assumed as 


c= + In (8] 


where oo and wu are two material constants dependent on the 
temperature and on the amount the metal has been strain- 
hardened by previous plastic deformation. For very small 
velocities, [8] must be replaced by 


when < u < U. 
(d) Power-Function Law. Some observers have suggested 
for the velocity law a power function, which may here be written 


in the form 
u n 
Uo 


oo, Us, W are constants, again dependent on the amount of strain 
hardening, temperature, etc. Widely differing values of n 
ranging from '/3 to 4/;; have been mentioned in publications. 

Observation has gradually brought out a number of important 
factors which influence the slow deformation of stressed metals 
at elevated temperatures.’ The phenomena are known to be of 
a complex nature, because, apart from strain hardening and 
from the effect of the speed of deformation, creep is influenced 
by other circumstances. Metallurgical (structural) changes, 
heat-treatment, age hardening, softening, spheroidization of 
carbide in steels, previous mechanical treatment, and elastic 
hysteresis are only a few of these. 

Notwithstanding the conceded high complexity of the phe- 
nomena with which we are here concerned, attempts have been 
made from time to time to interpret the vast amount of existing 
experimental results on the creep of metals at elevated tempera- 
ture and on related phenomena by mechanical treatment. R. W. 
Bailey has on various occasions, and quite recently in an extended 
investigation,* worked out the details in a number of important 
cases of creep from this general point of view. To these must 
be added the cases of relaxation, of bending, and other cases 
treated by C. R. Soderberg,’ by G. H. MacCullough* and H. 
Hencky.® In consideration of these hopeful attempts, analysis 
of the creep phenomena of the metals based on a minimum of 
assumptions appears to be of special interest. It seems desirable 
to develop further means which will be similar to those already 
extensively used by engineers in designing machine parts stressed 
in the elastic range of strains and which will provide for a better 
utilization of creep data. In the following discussion the phe- 
nomena of age hardening and softening will be excluded. 

Although copper is one of the most used metals in the electrical 
industry, information with regard to its creep and related plastic 
properties even at room temperature is very scarce. It was 


‘Working Stresses for High-Temperature Service,”’ by P. G. 
MeVetty, Mechanical Engineering, vol. 56, 1934, p. 149. Also 
“Factors Affecting Choice of Working Stress for High-Temperature 
Service,’ Trans. A.S.M.E., vol. 55, 1933, paper APM-55-13, p. 99. 

¢‘ “The Utilization of Creep Test Data in Engineering Design,” 
by R. W. Bailey, preprinted paper, Institution of Mechanical Engi- 
neers, London, read at meeting November 22, 1935. 

7 “Working Stresses,’ by C. R. Soderberg, Trans. A.S.M.E., 
vol. 55, 1933, paper APM-55-16, p. 131. Also ‘‘Zuliissige Bean- 
spruchungen im Maschinenbau, ” by C. R. Soderberg, Schweizerische 
Bauzeitung, vol. 104, 1934, p. 127. 

“Applications of Creep Tests,’’ by G. H. MacCullough, Trans. 
A.S.M.E., vol. 55, 1933, paper APM-55-12, p. 87. 

®“*The New Theory of Plasticity, Strain Hardening, and Creep, 
and the Testing of the Inelastic Behavior of Metals,’’ by H. Hencky, 
Trans. A.S.M.E., vol. 55, 1933, paper APM-55-18, p. 151. 
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thought that tests on creep of copper would be of considerable 
interest also in connection with the industrial applications of 
this metal. As copper does not age-harden (at least not appre- 
ciably in the qualities used ordinarily) it was thought that this 
metal would be suitable for the investigation of creep under 
somewhat simpler conditions than those which would probably 
be encountered in steels or other alloys. 


SIMULTANEOUS STRAIN HARDENING AND CREEP 


A close examination indicates that copper and mild steel show 
the effect of the speed of deformation even at room temperature, 
and at the same time they strain-harden. In a working theory 
of creep which should cover the range of temperatures beginning 
with those under which strain hardening is pronounced, the yield 
stress o should appear as a function dependent on the funda- 
mental variables, plastic strain e” and strain rate u” = de” /dt. 

As yet, it is uncertain whether a function 


which is characteristic for a metal at a given temperature @ 
under a given type of stress, exists which will cover the range 
of permissible stresses. If it should exist, the plastic behavior 
of a metal could be studied by following the path of curves 
situated on one and the same characteristic stress surface by 
means of which the yield stresses o of Equation [10] could be 
interpreted geometrically and represented in space, assuming 
e” and u” as the coordinates. 

All that can be said is that if the state of strain is known and 
e” and u” are changed by small increments, the yield stress ¢ 
will be changed by a small amount, namely 


— du’.... 


Oo 


where 0a/ de”, measuring the rate of increase of stress with plastic 
strain «” keeping the strain rate u” unchanged, can be called the 
coefficient (or modulus) of strain hardening of the metal 


de 
Similarly Su"? measuring the rate of increase of the stress when 


the speed of deformation u” is changed (at a given e”), can be 
called the coefficient of viscosity of the metal 


Using Equations [12] and [13], Equation [11] can be rewritten 
as 


As already stated, the total strain ¢« is the sum of the elastic 


strain e’ and the plastic strain e’. Thus 
The total rate of strain is 
de de’ da 
dt Edt dt 


where u, u’, and u” are the corresponding strain rates. 

If strains in a tensile test become finite and comparable with 
unity, the true stress o has to be distinguished from the load 
stress s. The latter is the load P divided by the original area 


Oc 
da 
ou 
da = + [14] 
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Ag, while true stress is ¢ = P/A, where A is the area of the bar 
when it carries the stress ¢. We have 


o =(1+e")s. 
Differentiating Equation (17] partially with respect to e’ 
Oo/de” = y = 8 + (1 + €”) 


At the maximum load s = s,,, where s,, is the ultimate strength, 


ds/de” = 0. If e” = e,,” is the corresponding strain, we have 
y ) 


Therefore, when e” < «¢,,", ~ > 8,. The strain-hardening 
coefficient y is larger than the ultimate strength s,, of the metal. 
Equations [14], [15], and [17] serve as the equations for the 
computation of the changes in stress or strain with time ¢, ete., 
in special cases, 


| 


STRESS 


STRAIN &" 


CONDITION OF STRESS-STRAIN CURVES AT CONSTANT-STRAIN 
Rates WHEN a Stress Surrace Dogs Nor Exist 


Fia. 2 


The condition for the existence of a stress surface ¢ = f(e’, u”) 
can now be stated. It is that Equation [14] must be a complete 
differential or that 


If this is the case, a unique stress surface ¢ = f(e", u") exists 
characteristic of the metal at the given temperature and under 
the given state of stress. 

Fig. 2 shows what may occur with the stress-strain curves 
observed in tensile tests when keeping the speed of stretching 
constant, when a stress surface does not exist. Suppose that 
two bars of the same metal have been prestretched in the same 
way. The initial conditions of both bars being the same and 
given by point P; in Fig. 2 or the values «”, wi”, o1, suppose 
that the first bar is now stretched further under the initial 
strain rate u” = u,” = const. A curve P;A will be obtained. 
Beginning at point A when stress ¢ = o2, the stress shall be kept 
constant. The bar will creep similarly as in an ordinary long- 
time creep test made under the condition ¢ = o; = const. with 
gradually decreasing strain rates until finally a point P; is reached, 
where e” = «&” and u” = uw". With the second bar, the same 
two types of tests shall be made, however, in reversed order: 
First, the creep-test holding stress ¢ = o, = const. is made 
until the strain rate becomes u” = uy”, then the bar is stretched 
under this constant strain rate u,” to a final stress ¢ = os (point 
P;). When the two final points P; and Ps; are reached, the 
plastic strains are the same (e”), also the strain rates are the 
same (u,”); however, the yield stresses are not the same oy + o2. 
It becomes apparent that two separate stress-strain curves 
corresponding to the same constant strain rate u” = u,” = const., 
have been obtained since such curves must pass through both 
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of the final points P; and P;. Their orientation and shape in 
the o-e” plane therefore depend on the preceding operations. 

Dividing Equation [14] by dt furnishes the rate of change of 
stress with time 


da de” du" du” 
— ° 19 
vu + yu"+¢ {19} 
For this rate we have two additional expressions. From Equa- 
tion [16] we see that 
de/dt = B(u— u").............. [19a} 


and after differentiating Equation [17] with respect to ¢ we also 
obtain 


do/dt = su” + (1 + e*)ds/dt........... [19d] 


In case strains remain small after equating formulas [19] and 
[19a], the differential equation for 


du” 
+ (EB + = Bu.. (20) 


is obtained, which serves for solving various problems of this 
kind related to small creep. A few special cases and applications 
of Equation [20] will now be treated. 


SpeciaL Cases 


(a) Creep Under Constant Stress. Assuming that strains are 
quite small and that ¢ = const., from Equation [14] with dz = 
it follows that 


du’/de” = —y/o.......... 


From this, the creep curve e” = f(t) under a constant stress as 
usually observed in long-time tests can be derived. Assume 
for example that 


= ¥(e") and ¢ = ¢(u’)..... 


are known functions of e” and u’, respectively. Then Equation 
[21] can be integrated by separation of the variables. This is 
an example for the existence of a stress function or stress surface 
having the general form 


c= F,(e’) + F,(u") [23} 


A conclusion following from Equation [21] is that for a metal 
that does not strain-harden (y = 0) 


d 
=0 or wu’ = de/dt = const. ........ (24) 
€ 


The creep rates being u” = const., the creep-time curves e” = f(t) 
observed in long-time tests under constant stress must consist 
of a family of straight lines when the metal does not strain- 
harden. For metals still in the strain-hardening range, when due 
to long-time exposure to elevated temperature, the strain- 
hardening coefficient y gradually starts to decrease with time ?, 
the curvature of the creep-time curve will later tend to de- 
crease. In the following two examples, strain hardening shall 
be excluded. 

1 For an elastico-viscous material with constant viscosity, 
excluding strain hardening, we have y = O and ¢ = const. and 


de” 


: 
— 
— T | 
Ve | 
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the total strain is 


The constant ¢/E in formula (b] has the dimension of a time 
and may be designated as a “relaxation time” t. = ¢/E, so called 


t 
of 
A 
LL PERMISSIBLE STRAW _ 
0.1 
| 
2t TIME t 


PER MIS S194 


STRESS 


RELAXATION CURVE 
2th th 
Fic. CREEP AND RELAXATION CuRVES FOR ELastico-ViIscous 
MATERIAL 


because in the case of relaxation the decreasing stress o is given 
by the following function of time 


Rewriting formula [a] 
co E t 
€ Es € [d} 


we see that the time required under a given stress ¢ = const. 
to produce in a bar of a viscous material a plastic strain e” just 
equal to the elastic strain «’ = o/E is the relaxation time ¢,. 
The total strain expressed by formula [b] is also given by 


Formula [e] furnishes the time ¢ in which a given total and per- 
missible strain ¢, would be reached in a creep test made under a 


constant stress 
E 


For an elastico-viscous material the familiar creep curves « = f(t), 
obtained under constant stress, consist of a family of straight 
lines passing through a common point C in Fig. 3 situated at a 
distance OC = —t, equal to the relaxation time ¢, to the left 


JOURNAL OF APPLIED MECHANICS 


of the origin O. The time ¢ to reach a given permissible strain 
« under a given stress o is shown by the dashed curve of Fig. 3 
marked “permissible stress.” Writing Ke = o:, we see also 
that the permissible stress o is given by 


The relaxation curve according to formula [c]} is also indicated 
in Fig. 3. 

2 For an elastico-viscous material with a variable viscosity 
excluding strain hardening and corresponding to a general speed 
relation 


Using as an example, the logarithmical-speed law according to 
Equation [8] or 


= f(c) = 


7) 
(u” > ue) a total strain would be obtained 
«= E {k] 
This family of straight creep lines is shown in Fig. 4. 
& 
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Fie. 4 Crepe Curves FOR CONSTANT STRESS AND FOR THE LAW OF 
LOGARITHMIC STRAIN RATE 
= oo (1 + In(u”/ue)]. No strain hardening.) 


The straight lines, for values of ¢ > oo, have the envelope 
t = —t,e— 3¢/ Those for values of  < oo, below the line AB, 
pass through the point C. 

(b) Constant Load s = Const. Assuming strains not neces- 
sarily small, from Equation [17] on account of ds = 0, we have 
from Equation (19b] do/dt = su” and Equation [14] becomes 


6 + [25] 


(c) Constant Strain Rate u = de/dt = Const. 
in Equation [20] has to be taken constant. 

(d) Relaxation of Stress Considering Strain Hardening. (The 
Turbine-Bolt Problem.) C. R. Soderberg’ has emphasized the 


The right side 


E 
e=e te’ =—[14+ —¢)............ 
E 
Pats the total strain would become 
t 
S 
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importance of considering strain hardening in various problems 
related to creep. One application to which he particularly called 
attention is concerned with the turbine-bolt problem at high 
temperatures, for which he developed the means. Suppose that 
the creep law of the bolt material is known at the temperature 
to be considered. It is required to find the stress o at any time t 
(service times of turbines to be considered) when the initial 
stress o, after tightening the bolt is given. Creep occurs here 
under the condition that the total strain « remains unchanged. 
If «” designates the value of the plastic strain e” at the time 
t = O when relaxation of stress starts, we have the condition 


= 


E E 


+ «” = const. 


. [26] 


The modulus E of the metal has to be reduced to an “apparent” 
and smaller modulus in case the ends of the bar or bolt are con- 
nected with other elastic machine parts. 

The equivalent condition is also that 

u = de/dt = 0 . [27] 
which is the same as to say that relaxation of stress ‘s the special 
case of yielding under a constant (total) strain rate, u = const. 
= 0. Although when u = 0, there is still a plastic-strain rate, 
u” + 0, which according to Equation [26] is given by 

de” de 
Bu’ = =——. 


..... [28] 


in which plastic-strain rate is proportional to the stress rate. 
From Equation [20], with u = 0, follows the equation for u’” 


du” 
++ Bu’ = 0... (29) 


This shall be used assuming first that the logarithmical law of 
speed is valid according to Equation [8] or 


[30] 


from which it is seen that the viscosity coefficient for this law is 
simply 


Oe 


o 


From Equations [29] and [30a] it follows 
d/l E+y 


Second, assume that the strain-hardening coefficient y is a known 
function of stress ¥(c). The variable u” in Equation [31] can 
now be replaced by the variable stress ¢ according to Equation 
[30a], and Equation [31] can be integrated, furnishing the 
relaxation curve o = F(t) in the form 


1 e de 
E + ¥(o) 


If we take y = 0, that is, for a material that does not strain- 
harden, we obtain the relation between stress ¢ and time ¢ 


which has already been found by MacCullough. 
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(e) It may be noted that the cases a, b, and d previously 
mentioned are all special cases of solving the same equation 


di 
Choosing the constant K = 0 wheno = const. (case a) 
K = —s when s = const. (case b) > [35] 
K = Ewhene = const. (case d) 


Constant StRAIN-HARDENING COEFFICIENT AND IDENTITY 
OF THE CREEP AND RELAXATION CURVE 


Another conclusion of interest for the application of the pre- 
viously given Equations may be drawn. Assume that the metal 
has been strain-hardened first by a previous deformation in 
some known way, so that the initial state of strain in the metal 
at time ¢ = 0 is given by t = 0, 4”, wu”, o1. If, due to creep, 
new additional but small permanent strains are produced the 
strain-hardening coefficient y = d0/de” may be assumed as 


r In other words, the stress-strain curve 
@  u" = const., shown as OPQ in Fig. 5, 
$ is replaced in the neighborhood of point 

P by its tangent P7’ when additional 
but small strains are considered. 

% The factor y + K appearing in 

Equation [34] becomes a constant and 

s smrame this can be integrated for any general 

velocity law, expressed by 


STRESS & 


Fie. 5 


ELASTIC 


(a) Obtaining the Creep Curves for a Constant Strain-Hardening 
Coefficient. Application shall be made assuming the logarithmical 
speed law corresponding to a viscosity coefficient ¢ = oo/u” as 
given in Equation [30a]. 

Equations [34] and [35] give 

du” v 


dt oo [138] 
Integrating with the initial condition ¢ = 0 and u” = wm", the 
plastic-strain rate 

de” 


= — = 


@ 


.. [39] 


and after a second integration, the equation of the creep curve is 
found to be 


where u;” is the initial creep rate with which the creep starts. 
If a new quantity 


is introduced as a variable relaxation time ¢,, depending on the 
stress o, the creep curves assume the shape 


at (144) [42] 


This family of curves is shown in Fig. 6. The influence of strain 


4 
PLASTIC 
= f(u’)......... [87] 
1— 1— = 
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hardening clearly appears in their curvature when Fig. 6 is com- 
pared with Figs. 3 and 4. 

(b) Relaxation for Constant Strain-Hardening Coefficient. Sup- 
pose again that y = const. and @ = oo/u”, the corresponding 
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Fic. 6 CreEpP CURVES FOR CONSTANT STRESS AND FOR THE LAW OF 
LoGARITHMIC STRAIN RATE 
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relaxation problem, « = const., is solved simply by replacing the 
constant y in Equation [38] by the constant y + E, so that the 
value of a is now 


[43] 


The variable relaxation time ¢, is now given by 


To find the decrease of stress o, — o with time ¢ we have to 
remember that it is proportional to the increase of the plastic 
strains e” — «” according to Equation (26). Thus, the decrease 
of stress in a bolt is given by 


o1—o = E(e” — a’) = (1 + aw"t)...... [45} 


Equation {38], from which Equations [40] and [45] were 
deduced, has the same form as a special equation of the motion 


du 


= (8 = const.) 


of a material point moving along a straight line, the distance of 
which from a fixed point at time ¢ is z and which is slowed down 
by a resistance proportional to the square of the velocity u = 
dx/dt. The equation of the motion is given by 


+ (1 + pul) 


where 2 and u are the initial values of x and u at time t = 0. 

Creep and relaxation under the assumptions introduced as to 
strain hardening and viscosity respond to the same type of time 
functions as shown in Figs. 7 and 8. 


It should be noted that elastic hysteresis and other circum- 
stances may have a marked effect on the decrease of stress due 
to relaxation. This is being investigated in tests on relaxation 
under progress. 


GenTLE TENSILE-IMpact Tests—CrREEP OF COPPER 
AT Room TEMPERATURE 


Cylindrical bars were tested in tension at room temperature 
by increasing the load in small equal steps using weights hanging 
on a horizontal lever.!° Each load increment was suddenly 
applied and the load kept constant for a certain time, during 
which the increase in strain was carefully observed by means 
of a Martens extensometer, the gage length of which was 50 mm. 
The bars had a diameter of 0.505 in., a 3-in. cylindrical length, 
and fillets at the screwed heads. They were annealed at 650 C 
for 1/2 hour. The increment of load stress was As = 1250 lb 
per sq in. Plotting load stress s against total strain «, diagrams 
such as marked 2 and 3 in Fig. 9 were obtained. Curve 1 in 
Fig. 9 for continuous loading was observed on a 10-ton Amsler 
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machine using an average testing speed of stretching u = 0.125 
per cent per minute. Line 2 shows the steps of loading, using 
time intervals (during which the load was not changed) of 24 
hours; line 3 shows a similar test with time intervals of only 10 
minutes. The observed creep-time e = f(t) curves corresponding 
to the 10-minute and the 24-hour intervals are shown in Figs. 10 
and 11 on semilogarithmical plottings, the abscissas of which are 
log-time and the ordinates are total creep strain. The new 
strain was always measured from the time at which a new load 
increment was added to the load. 

The figures inscribed on Figs. 10 and 11 are the load stress 
8 = const., computed with the original area of the bar. Some 
of these inclined lines do not appear to be distributed evenly 
according to the values of the loads; in one or two cases even 
intersections appear. This is due to the high initial velocity of 
stretching with which each test starts after the sudden applica- 
tion of a new load increment. The slopes of the straight lines 


%® Acknowledgments are expressed to P. G. McVetty for offering 
facilities to make these tests in long-time creep machines. 
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TABLE 1 RESULTS OF 24-HOUR CREEP TESTS WITH COPPER 


Test no 


Load stress s, lb per sq in. ) At end 9620 
True stress lb per sq in 9780 
Plastic strain «”, per cent | creep test...................5. 1.67 

ad-stress increment As, Jb per 1250 
True-stress increment Ag, lb per 1272 
True stress at beginning of new creep test o, Jb per sq in.... 11050 

TABLE 2 RESULTS OF 10-MINUTE TESTS 

1 2 3 4 5 6 
Plastic strain per cent. . 1.52 2.02 2.66 3.27 3.93 4,66 
38 45 52 59 66 74 


drawn as tangents to the curves at their right ends were corre- 
lated in auxiliary diagrams (not reproduced here) with load 
stress s. After correcting them also for the elastic strains, the 
semilogarithmic plottings of portions of the creep curves e” = 
f(), shown in Figs. 12 and 13, were obtained. A relation of the 
form of Equation [40] should furnish, for sufficiently larg: 
values of time ¢ in a semilogarithmical plot, curves approaching 
inclined straight lines. The values of u,” could not be deter- 
mined accurately enough, on account of the extremely high 
initial creep rates found by our observations and also predicted 
by the theory based on a logarithmical-speed law. The inertia 
of the lever system and other conditions would affect that first 
portion of the creep-time curve which is covered during the first 
fractions of a second after the sudden application of a new load. 
Neglecting inertia, it is well to consider what happens when a 
small but finite increment of load As is suddenly applied. The 
elastic strain e’ increases instantaneously by the amount As/EZ; 
the plastic strain, however, needs time for its production. After 
a finite increase of load As is instantaneously created, a very 
high plastic rate of strain u” = de’/dt occurs. By using Equa- 
tion [40], the difference in two observed creep values e” — «” 
for two large values of time t. — t, is found to be 


2.3030 te 
= —  log-............. 

a” —a [46] 
and serves for the determination of the constant oo. Choosing 
t./t; equal to 10 we obtain for the constant 

oo = — 8)(e” — /2.303 ........ [47] 


If the plastic-strain rate is increased ten times, according to 
Equation [8], this will produce an increase in the yield stress 
which is equal to 2.303 oo. The constant oo, therefore, is 0.434 
times the increase in yield stress when the speed is increased 
ten times. 

Table 1 contains the observations with reference to the 24-hour 
tests and shows in the last line the values for the constant oo 
computed from these creep tests. 

Table 2 gives the corresponding values of oo derived from the 
10-minute tests. Cold work (strain hardening) due to previous 
stretching of the test bars is indicated in both tables by the 
values of or o. 

Both tables show that the constant oo increases with the 
amount of previous cold work. These values of oo are indicated 
in Fig. 14. Those obtained in the much more rapid tests of 
10-minute duration are higher than the values of oo derived from 
the slower tests of 24-hour duration; an influence of the speed 
on the values of oo therefore seems probable. 

In Fig. 14 two further observation points are marked by two 
large circles. They were obtained from comparatively slow 
tests at constant-strain rates. 

A number of additional creep tests were made on one copper 
bar keeping the loads constant in a hydraulic 30-ton Amsler 
machine for several hours. On account of lack of space these 


2 3 4 5 6 
10870 12120 13370 14620 15870 
11110 12470 13840 15260 700 

2 2. 3. 4. 5.20 
1250 1250 1250 1250 
1277 1285 1294 1304 1315 
12390 13760 15130 16560 18020 
206000 1 175000 161000 147000 
35 39 45 51 57 


curves must be omitted here. However, these tests show similar 
results, but at the higher stresses gave slightly lower values of 
oo than were obtained in the 24-hour tests. 
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Another check can be made by utilizing Equations [39] which 
show that the plastic-creep rates u” should decrease according 
to a hyperbola with time ¢. For sufficiently large values of time 


1 
= — 
at 


Two creep tests gave for the creep rates at times ¢ the values 
shown in Table 3. 


TABLE 3 CREEP RATES OF COPPER 


Time, o = 14,620 lb per aq in. o@ = 17,120 lb per aq in. 
min Computed Observed Computed Observed 
1 0.00028 0.00026 0.00044 0.00039 
10 0.000028 0.000029 0.000044 .000043 
100 0.0000028 .000003 .0000044 0.0000044 
1000 0.00000028 0.0000003 0.00000044 0.00000044 
SuMMARY 


Means are developed to include strain hardening when dis- 
cussing observations on creep of metals. A number of cases of 
creep under varying conditions were considered. Tests seem to 
support the logarithmical-speed law for copper at room tempera- 
ture at the high speeds of deformation realized in these tests. 
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Two- and Three-Dimensional Cases of Stress 
Concentration, and Comparison With 


Fatigue Tests 


By R. E. PETERSON! anv A. M. WAHL,? EAST PITTSBURGH, PA. 


This paper reports the results of a study of some two- 
and three-dimensional cases of stress distribution with 
particular reference to shafts having fillets or transverse 
holes, these being of considerable practical importance. 
To determine the stress-concentration factor &, in such 
cases, strain measurements were made, using a specially 
developed extensometer with a gage length of 0.1 in. The 
results of these strain measurements indicate that for 
shaft fillets in bending (three-dimensional case) the stress- 
concentration factor &, is little different from the values 
obtained photoelastically on flat specimens having the 
same r/d ratio (a two-dimensional case). A comparison 
of these values of &, (both for shafts with fillets and with 
transverse holes), with data from fatigue tests, leads to the 
following observations: (1) In some cases fatigue results 
are quite close to theoretical stress-concentration values. 
(2) Fatigue results for alloy steels and quenched carbon 
steels are usually closer to theoretical values than are 
the corresponding fatigue results for carbon steels not 
quenched. (3) With decrease in size of specimen, the re- 
duction in fatigue strength due to a fillet or hole becomes 
somewhat less; and for very small fillets or holes the re- 
duction in fatigue strength is comparatively small. (4) 
Sensitivity factors determined for small specimens should 
not be applied to the design of machine parts regardless of 
size. 


1— INTRODUCTION 


HE results of studies of stress Cistribution in two-dimen- 
6 ie cases based on elastic theory (mathematical or 

photoelastic methods) have been regarded skeptically, ‘and 
not without justification, when considering the design of machine 
parts, which are nearly always three-dimensional cases. Yet it 
has been known for some time that, in certain instances, fatigue 
tests of specimens with fillets have given results close to the theo- 
retical values. It is proposed in this paper to examine this ques- 
tion in closer detail, as the implications are of considerable im- 
portance. This examination will follow two lines: (1) A study 
of some theoretical cases of stress concentration, particularly 
with reference to a comparison of two-dimensional and three- 
dimensional cases; and (2) an examination of fatigue-test data 
and a comparison of these data with the theoretical results. The 
word ‘theoretical’ will be used in this paper to denote stress- 
concentration values obtained by any method based on the 
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elastic theory, i.e., mathematical analysis, photoelastic tests, or 
strain measurements. 


2—TWO- AND THREE-DIMENSIONAL CASES OF STRESS 
DISTRIBUTION AND STRAIN MEASUREMENTS ON 
LARGE STEEL SHAFTS 


GENERAL 


For the purpose of establishing a correlation between theoreti- 
cal stress-concentration values and those obtained by fatigue 
tests, two cases are of special interest, particularly since consider- 
able fatigue-test data involving such cases are available. These 
are (1) the shaft with a fillet and (2) the shaft with a transverse 
hole. Although no analytical solutions have been obtained for 
either of these cases, it was felt that because of the similarity of 
(1) to the case of a flat bar having a notch or fillet (which has been 
solved photoelastically) a study of mathematical and photoelastic 
solutions of such cases would be of considerable interest. In ad- 
dition, it was decided to make actual strain measurements on 
large steel shafts having fillets or transverse holes, in order to 
obtain stress-concentration factors which would be directly com- 
parable with the results of fatigue tests. Since the stress peaks 
existing near such discontinuities (holes or fillets) are very 
sharp, a special short-gage-length extensometer was developed 
for this purpose. 


COMPARISON OF MATHEMATICAL AND PHOTOELASTIC STRESS- 
CONCENTRATION Factors FoR NOTCHES AND FILLETS 


Some interesting work on the stress distribution in notches of 
hyperbolic profile was carried out by Neuber.* Among the cases 
of stress distribution mathematically investigated were those of 
the notch of hyperbolic form in a flat plate (plane notch) shown 
in sketch a, Fig. 1; and the notch turned out of the solid to a hy- 
perbolic shape (turned notch); the former being the two-dimen- 
sional case and the latter the corresponding three-dimensional 
one. For mathematical convenience the branches of the hy- 
perbola are assumed to extend to infinity. While these par- 
ticular cases do not occur in practice, the stress distribution in the 
neighborhood of the minimum cross section may not be much 
different than would be the case in the deep circular form of 
notch, shown in sketch b in Fig. 1, which is of practical impor- 
tance. 

The results obtained mathematically by Neuber* have been 
plotted in Fig. 1 in the form of curves, with stress-concentration 
factors k, as ordinates and r/d ratios as abscissas. In the ratio 

+ “Elastische-strenge Lésungen sur Kerbwirkung bei Scheiben und 
Umdrehungskorpern,” by H. P. Neuber, Zeitschrift fiir angewandte 
Mathematik und Mechanik, vol. 13, 1933, p. 439. Also, ‘‘Der Raum- 
lich Spannungszustand in Umdrehungskerben,”” by H. P. Neuber, 
Ingenieur-Archiv., vol. 6, 1935, p. 133. Also, ‘‘Zur Theorie der Kerb- 
wirkung bei Biegung und Schub,” by H. FP. Neuber, Ingenieur- 
Archiv., vol. 5, 1934, p. 238. Also, ‘‘Ein Neuer Ansatz zur Losung 
Riumlich Probleme der Elastizititstheorie,’’ by H. P. Neuber, 
— Stir angewandte Mathematik und Mechanik, vol. 14, 1934, p. 
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r/d,r is the minimum notch radius and d is the diameter or width 
of the minimum section. Curves 1 and 2 in Fig. 1 represent 
values obtained for plane and turned notches in tension, while 
curves 3 and 4 show similar values for notches in pure bending. 


4.4 
HYPERBOLIC FORM b)CIRCULAR FORM 
40 OF WOTEH 
PLANE NOTCH -HYPERBOLIC FORM(Q) IN TENSION(NEVBER) 


©)-PLANE NOTCH-CIRCULAR FORM (b) IN TENSION~ 
PHOTOELASTIC#TESTS BY FrocnT 
©- PLANE NOTCH-CIRCULAR FORM (b) IN BE NDING - 
PHOTOELASTIC TESTS BY Frocwr 
@)-PLANE FILLET IN BENDING (CASE b) Fig. 6, =2, 
PHOTOELASTIC TESTS 
— CALCULATED CURVES -NEUBER 
EXPERIMENTAL CURVES - FROCHT 


w& 
a 


2.8 \ 


Fie. 1 Srress-CONCENTRATION Factors FOR NOTCHES AND FILLETS 
In calculating these factors for the turned notches, a value of 
Poisson’s ratio of 0.3 was taken, this value being commonly used 
for steel. It may be seen from these curves that the plane notch 
shows a somewhat higher stress-concentration value than the 
corresponding turned notch, the difference being quite pro- 
nounced in tension. In the case of pure bending, which is of 

*most practical importance, the difference between the two cases 
is small, around 6 to 8 per cent for notches of practical dimensions. 
Since the stress distribution in a fillet is similar to that in a notch 
having the same r/d ratio, it would also be expected that the 
factor k, for the turned fillet should not differ greatly from that for 
the plane fillet. 

The dashed curves 5 and 6 in Fig. 1 represent values of k, deter- 
mined from photoelastic tests on deep notches of circular form by 
Frocht.4 The experimental points on these curves were deter- 
mined by extrapolating the curves of Figs. 3 and 4 of Frocht’s 
paper‘ to large values of the ratio h/r, which would correspond to 
a relatively deep notch. In the ratio h/r, h is the depth of the 
notch and r is the radius of the notch. It may be seen that 
curves 5 and 6 (representing plane notches of circular profile) 
agree fairly well with the corresponding curves | and 3 (represent- 
ing the hyperbolic profile) for ratios r/d between 0.15 and 0.5. 
This indicates that, for these ratios, the peak stress, in the case of 
the deep circular notch, is little different from that in the corre- 
sponding hyperbolic notch. 

For comparison, a curve for plane fillets in bending as obtained 
from Frocht’s tests‘ for a ratio D/d = 2 is shown by curve 7 of 
Fig. 1. It will be noted that this curve has a shape very similar 
to those representing turned and plane notches of hyperbolic 


‘ “Factors of Stress Concentration Photoelastically Determined,” 
‘bby M. M. Frocht, Journat or Appiiep Muacuanics, Trans. A.S.M.E., 
vol. 57, June, 1935, p. A-67. 
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profile and yields values of k, slightly lower than for deep notches 
having the same r/d ratio. 


DESCRIPTION OF SHORT-GAGE-LENGTH EXTENSOMETER 


A sketch showing the principle of operation of the short-gage- 
length extensometer used for the strain measurements is shown in 
Fig. 2, while a view of the instrument clamped to a shaft fillet of 
about */,in. radius is shown in Fig. 3. Referring to Fig. 2a, the 
extensometer consists essentially of two points B and B’ which 
are pressed against the test specimen by the clamping load P. 
These points are held together by the flexible strips S. If points 
B and B’ move apart due to strain, the movable lever arm 7 will 
pivot about the point O where the axes of the two strips intersect. 
The lever arms 7 and 7” are formed of light hollow tubes. Re- 
ferring now to Fig. 2b, any relative motion of the points B and B’ 
is thus communicated to the targets A after being magnified by 
the lever ratio. A microscope M having a micrometer eye-piece 
is focused on the targets A. In this manner the relative motion of 
the ends of the extensometer may be accurately measured. 
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Referring to Fig. 3, the points B, the lever arms 7’, the targets 
A, the microscope M, and the magnet N with attached clamping 
arrangement may be clearly seen. The small size of the gage 
length as compared with the fillet radius is readily apparent from 
Fig. 3. 

A sketch showing the principle of clamping the instrument is 
shown in Fig. 4. An arm attached to the extensometer has a 
flexible strip C at its end, thus forming, with the two knife-edges 
B, a tripod arrangement. The clamping load P is produced by 
the spring S attached to the magnet. This clamping load was 
held constant, by compressing the spring a definite amount, in 
order that the calibration of the instrument would not be affected 
by variations in this pressure. The flexible strips A and A’ allow 
slight deformations of the specimen to take place without intro- 
ducing on the extensometer lateral loads which would affect the 
reading. Likewise, the flexible strip C allows deformations to 
take place between the knife-edges B and the end of the arm with- 
out causing slippage of these edges. The arrangement for tilting 
the strips A and A’ at an angle so that the instrument may be 
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clamped against a fillet (not shown on Fig. 4) may be clearly seen 
in Fig. 3. 

Load-strain curves obtained by means of this extensometer on 
steel shafts were found practically to be straight lines within the 
elastic limit of the material. It was also found that the instru- 
ment could be removed and reclamped to the test specimen and 
the readings easily repeated within 1'/, per cent. 


STRAIN MEASUREMENTS ON LARGE STEEL SHarts WirH FILLETS 


A sketch showing the dimensions and method of loading (for 
making strain measurements) of a large steel shaft with a fillet is 
shown in Fig. 5a. To insure definite points of application for the 
loads and reactions, the shaft was supported on knife-edges at the 
neutral axis as indicated and the load P was applied through a 
knife-edge. In all cases the ratio D/d of the large diameter to the 
small one was kept constant at 1.5, while the fillet radius r was 
varied. Three series of strain measurements were made with r = 
2 in., 1.125 in., and 0.67 in., giving ratios r/d = 0.5, 0.281, and 
0.167, respectively. As may be seen, the shaft was made rela- 
tively long so that disturbances due to the proximity of the reac- 
tions would be negligible. 

The peak stress in the fillet was determined by making strain 
measurements at several points, both in the lateral and longitu- 


Fig. EXTENSOMETER CLAMPED TO A SHAFT 
FILLET 


dinal directions. From the strains, the stress could be computed 
using the known formula’ for two-dimensional stress, i.e., 


where o, is the stress in the x-direction; ¢, and ¢«, are the unit 
strains in the z- and y-directions; HZ is the modulus of elasticity of 
the material; and y» is Poisson’s ratio. Care was taken not to 
stress the material above the yield point in the most highly 
stressed portions. 


& “Strength of Materials,’”’ by S. Timoshenko, D. Van Nostrand 
Company, New York, N. Y., 1934, vol. 1, p. 58. 
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The constant of the instrument, in pounds per square inch per 
millimeter reading of the microscope, was obtained by clamping 
it to the middle part A of the tapered portion of the shafts as 
shown in Fig. 5a and Fig. 5b. The slope of this taper was so 
determined as to give practically a constant stress near A. This 
stress could be figured from the known load, shaft diameter, and 
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lever arms. This made it possible to include the magnification 
constant of the extensometer and the modulus of elasticity of the 
material in one factor, determined by a calibration curve with 
the extensometer clamped at A. Poisson’s ratio was determined 
by measuring the lateral strains on the tapered part of the shaft 
and was found to be 0.292 for the medium-carbon steel which was 
used. 

To determine the stress-concentration factor k, at any given 
r/d ratio, the peak stress omax was first determined by strain 
measurements. The moment M, (determined by the method 
illustrated in Fig. 6) acting at the plane of the peak stress, di- 
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vided by the section modulus Z = md*/32 of the shaft gave the 
nominal computed stress ¢. The stress-concentration factor® is 
then 


maximum stress 


M, 


Tmax 


~ nominal computed stress —* 


The experimental points in Fig. 7 indicate values of k, which were 
determined in this manner for the three fillet tests on the fillets 
shown in Fig. 5a with values of r/d = 0.5, 0.281, and 0.167, 
respectively. 

Curves obtained photoelastically by Frocht* on flat specimens 
(case bin Fig. 7), are shown for comparison the dotted curve repre- 
senting values for ratios of D/d = 1.5 and the full lines similar 
ones for D/d = 2. It will be noted that the points obtained by 
strain measurements on the large steel shafts having ratios of D/d 
= 1.5 (three-dimensional case) agree well with the photoelastic 
curve’ obtained on flat specimens (two-dimensional case), both 
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for D/d = 1.5 and D/d = 2. It is of interest that for the latter 
two cases there is little difference in the stress-concentration 
values. The fact that the factors k, for the two- and three- 
dimensional fillet cases agree well would also be expected on the 
basis of Neuber’s® results. 


SrRAIN MEASUREMENTS ON LarRGE SHarts WITH TRANSVERSE 


For comparison with fatigue-test results, obtained by bending 
tests on round specimens with transverse holes, stress-concentra- 
tion factors k, were determined by strain measurements on large 
7'/,-in. diameter steel shafts having transverse holes of the differ- 
ent diameters shown in Fig. 5b. Shafts having values of a/d = 
0.138, 0.207, and 0.276, corresponding to hole diameters of 1, 
11/2, and 2 in., respectively, were tested using the short-gage- 
length extensometer described previously. Again a taper was 
machined on the shaft to determine the modulus of elasticity of 
the material. In the ratio a/d, a is the hole diameter and d is the 
shaft diameter. 


® If the moment Mz, (Fig. 6) acting at the start of the fillet were 
used, the value of k; would be increased slightly (from 1 to 21/: per 
cent in the present instance, depending on r/d). It is believed that 
the use of the moment M4, gives a more representative value. 

7 Similar strain measurements, made using Huggenberger ex- 
tensometers on a large shaft with r/d = 0.3, yielded a value k, = 
1.38. Because of the short gage length used (0.3 in.) and the small 
deflection of the pointer of the extensometer, the possible error in this 
test is believed to be larger than that involved in using the short- 
gage-length extensometer described in this paper, although the result 
agrees well with the photoelastic curve shown in Fig. 7. 
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The method of clamping the extensometer to the edge of the 
hole is indicated in Fig. 8. To avoid sidewise slippage of the 
points, the clamping load was applied obliquely as indicated; 
thus the knife-edges press directly on the edge of the hole at the 
location of the peak stress. 

In this case the stress-concentration factor was taken as 


where omax is the peak stress as obtained by strain measurements 
and o the nominal bending stress figured from the known bending 
moment M divided by the section modulus Z, calculated on the 
basis of the net section through the hole. 
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Fic. 9 Srress-CONCENTRATION Factors For SHAFTS WITH TRANS- 
VERSE HOoLEs AS DETERMINED BY STRAIN MEASUREMENTS 


A curve of the stress-concentration factors obtained by these 
strain measurements for the previously mentioned values of a/d 
is shown in Fig. 9 where the circles represent the experimental re- 
sults. Since for a very small hole (a/d near 0) this curve may be 
expected to approach 3 (the value for a small hole in a tension 
field), it has been extended to this value as indicated by the 
dashed line. However, the dashed portion of the curve should be 
considered as giving only a rough approximation. 
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TABLE 1 MATERIAL USED IN FATIGUE TESTS 
—-——— Physical properties 
Yield Ult. longa- Reduc- 
strength, strength, tion, tion of 
———— ———— ——Chemical composition lb per lb per per area, per 
Steel Cc Mn Si 8 P Ni Cr Mo sq in. sq in. cent cent 
Medium carbon?............. 0.45 0.79 0.18 0.032 0.013 hea a iu 32500 76000 32 50 
0.42 0.68 0.19 0.014 2.96 0.38 45500 97000 26 57 
0.54 0.65 : 1.38 0.64 91000 120000 24 62 
@ Normalized: 1560 F, air cooled. 
6 Normalized and drawn: 1750 F air cooled; 1460 F, air cooled; and 1160 F, furnace cooled. 
© Quenched and drawn: 1475 F, oil quenched; 1200 F, furnace cooled. 
3—COMPARISON OF FATIGUE-TEST DATA WITH TTT] 
THEORETICAL STRESS-CONCENTRATION FACTORS 60 Taal TT 
= 
In addition to making use of fatigue data as found in the litera- Pinel 
ture, it was thought worth while in this connection to run several >: - — 
new series of fatigue specimens having a fillet or a transverse hole, > le 
covering a wide variation in size. The materials used are given 95? 
in Table 1. 5 
Specimens varied in diameter from 0.1 in. to3in. Thesmaller 
specimens were taken at a radius in the bar corresponding to the 2 7" 
surface of the large specimens; all were checked to be of approxi- le =2 
mately the same hardness. Special precautions were taken in “ad oye’ 
preparing the specimens, i.e., light finishing cuts were taken, a ib >> > 
= | "213" 
fillets were very carefully polished, and holes were reamed. All ¢ 
small fillets were measured on a Zeiss comparator and the radius 4 
controlled accurately in this manner; this was found to be quite Sm Lhe 000 


important. The principal dimensions of the large specimens are 
given in Fig. 10. The large fatigue-testing machines have been 
described elsewhere.*® 

The fatigue data obtained in connection with the previously men- 
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*“Fatigue Tests of Large Specimens,’ by R. E. Peterson, Pro- 
ceedings, American Society for Testing Materials, vol. 29, part 2, 
1929, p. 371. 
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Fia. 15 FaticuE-Test RESULTs FOR SEVERAL SERIES OF VARIABLE 
Size BUT GEOMETRICALLY SIMILAR SPECIMENS HaviING A TRANS- 
VERSE Houe (UpPER CHART) OR A FILLET (LOWER CHART) 


tioned program are given in Figs. 11, 12, 13, and14. Supplemen- 
tary data on tests of specimens with transverse holes have been 
previously reported® for the 0.45 per cent carbon steel and for 
0.57 per cent carbon steel (quenched and drawn). 

In comparing fatigue results with theoretical stress-concentra- 
tion factors, a k, term is used, defined as 


k endurance limit for specimens without stress concentration 
= 


endurance limit for specimens with fillet or hole'® 


No adequate short name exists for this term, which may be con- 
sidered as an “effective stress-concentration factor in fatigue.” 

The endurance limit for specimens without stress concentration 
has been shown to either not vary greatly with size or to decrease 
somewhat with increase in diameter. In obtaining k, values from 
the data of the present tests the endurance limit obtained with 
0.469-in. diameter tapered cantilever specimens was used for the 
numerator of the expression for k; when data from larger speci- 


* “Model Testing as Applied to Strength of Materials,” by R. E. 
Peterson, Trans. A.S.M.E., vol. 55, 1933, paper APM-55-11, p. 79. 
10 Using net section modulus. 
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mens were not available.!! A plot of the k, values is shown in 
Fig. 15 in relation to size of specimen. Corresponding values of 
stress-concentration factor k, from Figs. 7 and 9 are also shown. 
Some of the interesting features of these curves will be discussed 
later. 

It is possible to derive from Fig. 15 another type of representa- 
tion which shows the extent to which theoretical values are 
reached, by obtaining values of 


k,—1 


” 


This term may be called a “sensitivity index,’’ which implies a 
measure of the degree to which a given material responds to the 
effect of stress concentration. The values are measured on a 
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scale from zero (no stress-concentration effect) to unity (full 
theoretical stress-concentration effect). Values of g as derived 
from the data of Fig. 15 are given in Fig. 16. 

It is also of interest to plot the k, values for holes in terms of 
a/d, the ratio of the hole diameter to specimen diameter, as shown 
in Fig. 17, and for fillets in terms of r/d, the ratio of the fillet 
radius to the small diameter of shaft, as shown in Fig. 18. In 
the latter case a considerable number of values from the litera- 


11 It has been the authors’ experience that’ the 0.469-in. tapered 
cantilever specimen usually gives a somewhat lower endurance limit 
than the conventional 0.3-in. diameter specimen having a 97/s-in. 
contour radius, and a value closer to that of large specimens of 1 in. 
and 2 in. diameter. It is thought, therefore, that the ky values for 
— specimens are not greatly in error, although they may be slightly 

igh. 
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ture!?:13-14,15.16.17 are included. From a study of Figs. 15, 16, 17, 
and 18, a number of observations can be made: 

(a) In some cases fatigue results are quite close to theoretical stress- 
concentration values. This is an important point, as a general idea 
seems to exist, based on some of the early photoelastic results 
which were considerably in error, that fatigue data for stress-con- 
centration cases are always well below theoretical values, i.e., on 
the safe side for design purposes. As a consequence of the present 
data, one should be careful, when applying recent theoretical 
data to design, not to do so with the same feeling of always having 
an additional indefinite margin of safety as was formerly the case. 

(b) Fatigue results for alloy steels and quenched carbon steels are 
usually closer to theoretical values than are the corresponding fatigue 
results for carbon steels not quenched. This is evident from Figs. 
15, 16, 17, and 18. In order to visualize this tendency in Figs. 
17 and 18, the carbon steels (not quenched) are indicated by 
small crosses the alloy steels and the quenched carbon steels by 
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circles. It will be noticed that in general the marks near the 
theoretical curves of Figs. 17 and 18 are of the latter type. 
McAdam!* has suggested a connection between per cent de- 
crease of endurance limit due to a fillet, notch, or other “stress 
raiser’ and an inverse measure of tensile work-hardening ca- 
pacity of the material expressed as the ratio of tensile strength to 
true breaking stress. The true breaking stress is defined as the 
actual breaking load divided by the sectional area at fracture. 


12 “Reitrage zur Frage der Schwingungsfestigkeit,”” by W. Schneider, 
Stahl und Eisen, vol. 51, 1931, p. 288. 

13 “Finfluss von Hohlkehlen an abgesetzten Wellen auf die Biege- 
wechselfestigkeit,’’ by E. Lehr and R. Mailiinder, Zeitschrift des 
Vereines deutscher Ingenieur, vol. 79, no. 33, August 17, 1935, p. 1005. 

14 P, Ludwik, First Communications of the New International 
Association for Testing of Materials, Zirich, Switzerland, 1930. 

18 ‘Stress Concentrations Produced by Fillets and Holes,’’ by S 
Timoshenko, Proceedings of the Second International Congress for 
Applied Mechanics, Ziirich, Switzerland, 1926, p.419. Note: Several 
corrections have been made in this paper. 

16 “A Study of Fatigue Cracks in Car Axles,” by H. F. Moore, 8S. W. 
Lyon, and N. J. Alleman, Engineering Experiment Station Bulletin 
No. 197, part 2,, November, 1929, p. 18, University of Illinois, 
Urbana, III. 

17“Die Dauerfestigkeit der Werkstoffe des Flugzeug- und Flug- 
motorenbaues,’”’ by K. Matthaes, Zeitschrift fiir Flugtechnik und Mo- 
torluftschiffahrt, vol. 24, 1933, pp. 593 and 620. 

18 “Influence of Chemically and Mechanically Formed Notches on 
Fatigue of Metals,’’ by D. J. McAdam and R. W. Clyne, National 
Bureau of Standards, Journal of Research, vol. 13, October, 1934, 
pp. 527-572. 
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McAdam’s correlation data show striking agreement. If this 
correlation has any real significance it should not be altered essen- 
tially for various sizes of geometrically similar specimens. The 
authors expected that theoretical values would be reached for all 
steels provided specimens were made large enough, but Figs. 15 
and 16 show that the fatigue-data curves for normalized 0.45 per 
cent carbon steel are apparently asymptotic to values considerably 
below the theoretical. In this respect, the authors’ results do not 
seem to be essentially inconsistent with McAdam’s conclusions 
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based almost entirely on data obtained with relatively small 
specimens. 

The foregoing observation (b) should not be taken to indicate a 
superiority of carbon steel, since the endurance-limit values as well 
as other factors entering into the selection of materials may be 
different. 

(c) With decrease in size of specimen the reduction in fatigue 
strength due to a fillet or hole becomes somewhat less; and for very 
small fillets or holes the reduction in fatigue strength is compara- 
tively small. This can be seen in Figs. 15 and 16, and has been 
shown elsewhere in the literature.*!8 

As to the reason for this variation with size, one would natu- 
rally think of the cold-working effect of machining which would 
presumably have a greater effect for specimens with small fillets 
or holes because of the small volume of material subjected to the 
stress peak in such a case. Several attempts were made by the 
authors to prove or disprove this idea. Small fillet specimens of a 
type which had previously shown an unusually high endurance 
strength, in spite of extremely careful machining, were bright 
annealed above the critical range and on.testing showed results not 
greatly different from the others. Other specimens were etched 
to remove a layer of material of considerable depth, then very 
carefully polished, and again showed results not greatly different 
from the conventional specimens. It might also be of interest to 
mention that Dr. Barrett of the Metals Research Laboratory 
at Carnegie Institute of Technology, made an X-ray study of a 
conventional cantilever-type specimen of 0.42 per cent carbon 
steel 0.47 in. in diameter and concluded that the effect of cold 
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work due to machining did not extend beyond a depth of 0.003 
in. and probably not greater than 0.0015 in. While these few 
results are by no means conclusive, they do indicate that the 
answer may not be a simple one. 

Some thought is being given to the number of grains in the 
volume of material subjected to the stress peak in the case of 
small fillets or holes and the probability of unfavorable orienta- 
tions of individual grains. 

But regardless of the reason for the relative increase in fatigue 
strength of specimens with small fillets or holes, it is nevertheless 
an effect which exists in small machine parts as produced con- 
ventionally and one which, by means of the data of Figs. 15 and 
16, can be estimated for design purposes. 

(d) Sensitivity factors determined for small specimens should not 
be applied to the design of machine parts regardless of size. Certain 
design codes suggest the application of a sensitivity factor to the 
theoretical stress-concentration factor and give values of sensi- 
tivity factors obtained from fatigue tests of relatively small 
specimens. Although not so stated, it can easily be assumed by a 
designer that these values are fixed material constants. The 
error which could arise from such a concept may be very large as 
can be seen from Fig. 15, and furthermore is in the unsafe direc- 
tion when applied to the design of large parts. It appears that 
until a large amount of data become available, average sensitivity 
factors such as shown in Fig. 16 can give some guidance for de- 
signers in cases not considered here, such as shafts with grooves, 
threads, and keyways. It will be noticed that the two charts of 
Fig. 16, representing widely different cases (holes and fillets) are 
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strikingly similar. For this previously mentioned guidance over 
a variety of cases, the use of the lower chart is suggested. In each 
chart, the lower curve represents average results for a medium 
carbon steel (not quenched) and the upper curve represents aver- 
age results for alloy steel and quenched carbon steels. A few 
results at hand indicate that a low-carbon steel (not quenched), 
such as ordinary structural steel for example, would have an 
average curve below that of the medium-carbon steel. The 
sensitivity factor g may be applied in accordance with the follow- 
ing formula, derived directly from the definitions of the terms 


—1) +1 
where o, = endurance strength with fillet, hole, groove, or other 
discontinuity; o, = ordinary endurance limit without stress con- 
centration (use value from largest diameter specimens available) ; 
k, = theoretical stress-concentration factor (mathematical, pho- 
toelastic or strain method); g = sensitivity factor shown in the 
lower chart of Fig. 16. 
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The Rate of Growth of Fatigue Cracks 


By A. V. pEFOREST,' CAMBRIDGE, MASS. 


The author discusses the resistance of metal to the 
propagation of cracks, and points out that in the accepted 
method of fatigue testing the results are not conclusive 
because there is no distinction between (1) the load and the 
number of repeated stresses required to start cracks and 
(2) the load and the number of reversals needed to propa- 
gate the cracks to failure. The investigation reported in 
the paper was undertaken to determine (@) the stress and 
number of reversals required to start a fatigue crack, and 
(b) the resistance of the material to the effect of a fatigue 
crack once it had been formed. The tests reported were 
conducted on annealed cold-rolled low-carbon steel bars 
with various finishes. The author presents data on the 
rate of progress of the cracks and on the size of the cracks, 
the latter of which was determined by magnetizing the 
bars and inspecting them with finely divided iron oxide 
in a bath of kerosene. 


HE normal process of fatigue testing is too well known to 

require discussion. Fatigue limits under standard condi- 

tions are quoted for many varieties of steel under varying 
conditions of heat-treatment. These figures represent the maxi- 
mum load which a smooth specimen will endure without failure 
after a large number of repetitions of the same load, and the 
values arrived at are as nearly an accurate representation of a 
particular mechanical property of the metal as is, for example, its 
tensile strength, its hardness or its average elongation in a ten- 
sile test. 

Those who have been particularly concerned with fatigue 
failures under working conditions, have found that the fatigue 
strength shown by such a test was not the only factor in deter- 
mining the relative merit of different steels. Fatigue cracks in 
service are primarily located either by the various notches result- 
ing from design, such as fillets, serew threads, oil holes, or result- 
ing from defects of surface, such as grinding marks, grooves 
coming from machining operations, decarburized surfaces, or the 
accidental bruising received in handling. Occasionally more se- 
rious notches are found, caused by defects in the metal itself, 
such as seams (particularly dangerous in helical springs), quench- 
ing cracks, grinding cracks, and forging bursts. The special 
difficulties encountered in welding are not considered here. The 
sharpness of the notch under a grinding crack or quenching crack 
is probably of the same order of magnitude as in the fatigue 
crack itself. 

In other words, the useful fatigue strength of a materia! is 
largely limited by its resistance to various forms of “‘stress- 
raisers” rather than by its endurance limit under standard test 
conditions. Among the most potent of such “stress-raisers” 
appear to be the surfaces produced by corrosion. The present dis- 
cussion, however, does not include the complicated relationship 
involved in repeated stress while the metal is under a corroding 
influence. 
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Therefore, it appears that for engineering use a further fatigue 
figure of merit must be taken into consideration, namely, the re- 
sistance of the metal to the propagation of a crack due to a stress- 
raising condition. This property has come to be called notch 
sensitivity. Quite evidently the moment a true fatigue crack 
has started at the bottom of a notch, the crack itself constitutes 
the greatest stress-raiser and the sharpest of all possible notches. 
We then have three figures bearing on the fatigue strength of 
metals. First, the strength of the unnotched material, a figure 
now well known. Second, the strength under a finite mechani- 
cal notch. This figure is both a measure of the sharpness of the 
notch and of the true notch sensitivity of the metal. Third, the 
strength of the steel by virtue of which it resists the progress of 
the natural fatigue crack, once this latter has started. It is 
natural to suppose but so far unproved that the sharpness of 
a crack once formed, is itself a function of the material, and 
therefore no distinction need be made between the notch sensi- 
tivity at this “natural’’ notch and the sharpness of the notch. 
It is altogether probable that the sharpness of the notch is in- 
fluenced by the temperature at which the test is run, but there 
appears to be no way to separate the effect of this sharpness from 
the effect of temperature on the strength of the material. 

Two values bearing on sensitivity may require determination: 
(1) The maximum stress at which a fatigue crack will not pro- 
pagate, and (2) the rate at which a given crack will propagate. 
It is probable, but not proved, that a fixed relation exists be- 
tween these two values. 

The accepted method of fatigue testing, whereby there is no 
distinction made between (1) the load and the number of re- 
peated stresses required to start the crack and (2) the load and 
number of reversals needed to propagate the crack to failure 
after it has been formed, leads to confusion and to an unneces- 
sarily arduous testing procedure. This has been well recognized 
by Professor Bacon,? who remarks: 

“What appeals to some as the major mystery of fatigue is not 
so much why cracks form at unsafe limits, but why they take so 
long about it. This will never be cleared up so long as the total 
of cycles to rupture is all that is observed. Indeed, it is not going 
too far to describe the standard method of fatigue test of plain 
polished specimens as ‘how to discover a minimum of information 
with a maximum expenditure of time, labour, and expense.’ ”’ 

The information we desire is twofold. First, the stress and 
number of reversals required to start a fatigue crack under vari- 
ous notch conditions, from the plain polished specimen to the 
sharpest notch met with under engineering conditions. This 
figure is largely determined by surface rather than material. 
And second, the resistance of the material to the effect of a fa- 
tigue crack once it has been formed, a figure purely dependent on 
the metallurgical constitution of the metal and totally independ- 
ent of the pre-existing surface. No novelty is claimed for this 
point of view. Bacon has long emphasized the spread of fatigue 
cracks in his investigations. French* developed the “damage- 
line” method of determining the start of fatigue, and Moore,‘ 


?**The Relation of Fatigue to Modern Engine Design,’”’ by R. A. 
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in the “overnight” test approaches the same principle. Many — sequently high values of stress were used. 
other thoughtful workers have the same distinction in mind. 
The method here described is simply a somewhat more elabo- 


The specimens were 
in the form of 5/s-in. diameter bars, 4 ft long, with a loaded 
length of 12in. At intervals during the test the bars were mag- 


RATE OF GROWTH OF FATIGUE CRACKS 


TABLE 1 


A—Growth from start 


Stress, kips to crack 0.10 in. 


Rate of growth 
from 0.08 in. to 
0.10in., 1000 


per sq in. long X 1000 cycles B—Total cycles X 1000 Ratio A/B cycles 
CCe CF LC*e CRé#¢ CC CF LC CR CC CF LC CR CC CF LC CR 
65 40 59 0 68 
50 90 217 288 680 131 265 339 768 0.69 O82 O85 OSS 7 #10 Ss 20 
45 166 482 748 1430 227 557 819 1783 0.73 0.87 0.92 0.81 12. 12 #18 580 
40 436 1600 2720 ee 541 700 2820 0.78 O94 0.96 cs 20 17 22... 


* CC refers to coarse circumferential finish. 
> CF refers to fine circumferential finish. 


rate manner of studying the problem. Use has been made here 
of the magnetic method for locating minute cracks by mag- 
netizing steel specimens and applying finely divided iron parti- 
cles, these particles usually suspended in a liquid medium. This 
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LC refers to coarse longitudinal finish. 
CR refers to the bar finish as rolled. 


netized and inspected with finely divided iron oxide in a bath of 
kerosene. 

At the higher loading figures a certain amount of heat was de- 
veloped but this was not considered sufficiently serious to require 
control. The figures in Table 1 were derived from tests on an- 


Fig. Cracks In MAGNAFLUX ON 
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ao 
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Fig. 2 PropaGation oF Fatigue Cracks From 0.05 In. To Frac. 


TURE FoR ALL SURFACE CONDITIONS 
(Annealed cold-rolled bars of S.A.E. 1020 steel, 5/s in. in diameter.) 


method for locating the incipient fatigue crack has been markedly 
successful even for cracks of the order of a few thousandths of an 
inch in length. Test runs were made on °/;-in. diameter rotating- 
beam specimens and the rate of progress of the crack, but not 
the stress at which the crack would not propagate, was deter- 
mined. The following results are from a thesis by F. W. Mag- 
nuson:® The questions at issue were to determine whether, as 
seemed probable, the rate of growth of a fatigue crack was con- 
stant in a given material and independent of the number of cycles 
required to start a crack, and whether a different metallurgical 
condition of the same material would markedly change the rate 
of progress of a previously formed crack. To answer these ques- 
tions a set of low-carbon cold-drawn specimens was tested. No 
attempt was made to determine absolute fatigue limits and con- 


5 Thesis of F. W. Magnuson, Massachusetts Institute of Tech- 
nology, 1935. 


Fic. 4 Cracks 1n Low-CarsBon Steet With MAGNAFLUX ON 


Cracks 15x 


nealed cold-rolled low-carbon steel bars with three different types 
of surface finish. One, a finish with coarse circumferential 
scratches from a bastard file; another, with fine circumferen- 
tial scratches produced by polishing with number 0 emery paper; 


9a Le-Loragitva r/. 


and a third, with coarse longitudinal scratches produced by axial 
rubbing with No. 73 coarse emery cloth. The bars were an- 
nealed in a 2-in. pipe and the finish removed all trace of scale. 
Conditions did not favor the formation of decarburized surfaces. 
A series of runs was also made on the cold-drawn bar without an- 
nealing. In this case, values were measured at 45, 50, 55, 65 
kips per sq in. In the case of the annealed bars 40, 45, 50 kips 
per sq in. were used. In this particular set of tests no attempt 
was made to locate the very earliest fatigue crack. The bars 
were run a length of time estimated to produce a crack of the 
order of 0.05-0.10 in. of circumferential length. This length was 
measured with an eye-piece micrometer and low-power binocular 
microscope. The rate of progress of the crack was measured in 
In Fig. 1 is shown a characteristic curve of 
the rate of progress of the erack plotted against number of 
revolutions for the loads of 45, 50, 55, and 65 kips per sq in. 
In this plot the measurements are started at 0.15 in. of length. 
In Table 1 is tabulated the number of cycles at which the 
crack reached a length of 0.10 in. It is here very evident that 
in each case the expected relation between surface condition 
Under the heading ‘‘Rate of 
growth” is given the number of cycles under different loads re- 


the same manner. 


and start of the crack was found. 


Fic. 5 Fatigue Cracks at Fracture 10X 


quired to cause the growth of the crack from a length of 0.08 in. 
to a length of 0.10 in. Fig. 2, indicates that the rate of growth 
of cracks in bars with different surfaces is dependent only on 
stress, and the average rate-of-growth figure for the different bars 
may be averaged. It is quite evident from Table 1, that the 
rate of growth in the cold-rolled bar is from one half to one 
quarter as rapid as in the annealed condition. It is to be ex- 
pected, but has not been proved, that the load required to cause a 
crack to grow in the cold-rolled material is higher than in the 
case of the annealed metal. 

Other specimens were prepared to indicate the possibilities of 
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the magnetic inspection method. In this case, bars of annealed 
cold-drawn low-carbon steel and of centerless ground high-carbon 
drill rod were subjected to overload conditions. Fatigue cracks 
started in great numbers. Illustrations of these are shown in 
Figs. 3 and 4. It was found characteristic of the cold-drawn 
material that the cracks were not sharply located by the surface 
finish but appeared to follow irregularities closely related to 
grain boundaries. In the high-carbon bars the cracks are lo- 
cated absolutely accurately by the very fine circumferential 
grinding marks. It was found that the iron powder could locate 
cracks of a length just visible under one hundred magnifications; 
that is, less than 1/1000 in. long. These fatigue-cracked bars 
had been heated by the heavy application of load to a temper- 
color temperature so that the section through a crack would in- 
dicate clearly its extent by the color of the fracture; a method 
described and used with great success by Professor Bacon. The 
bars were then cooled by immersion in liquid air and broken in 
small pieces under a hammer. Fig. 5, shows the appearance of 
different size fatigue cracks under these conditions. It was 
found quite possible to pick out the most minute cracks that 
could be seen at 50 magnifications. The shape of the fracture 
appears to follow the lines described by Professor Bacon, whose 
latest collected results for the successive shapes assumed by a 
fatigue crack starting from a single surface origin on a plain 
polished rotating-beam specimen are reproduced with his per- 
mission in Fig. 6. This shape is extremely regular and enables 
an estimate to be made of the depth of the crack from the length 
intersecting the surface of the bar. 

Work is now being continued on the measurement of notch 
sensitivity in steel using natural notches of the fatigue crack and 
measuring the rate of progress and the load required to propa- 
gate the cracks. It is hoped that this preliminary description 


of the method in use will be of value to others. 
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Recent Research in Elasticity 


By J. N. GOODIER,! TORONTO, CANADA 


Booxs 


NHE publication of Timoshenko’s “Theory of Elasticity” in 
1934, in the Engineering Societies’ Monograph Series, was 
an important event to every one interested in elasticity and 

strength of materials. It is especially noteworthy among exist- 

ing books on the subject for its extensive content of well-defined 
results of immediate value in engineering stress analysis. 

The same year saw the publication of the “Statik und Dynamik 
der Schalen,” by W. Fliigge, of Géttingen, which covers the mathe- 
matical theory of the equilibrium, vibration, and stability of 
thin curved shells. 

This year a short work on photoelasticity has appeared, also in 
Germany, “Festigkeitslehre mittels Spannungsoptik,” by H. 
Neuber. 


Srress-A NALYSIS 


M. A. Biot proved some remarkable properties of thermal and 
gravitational stress in two-dimensional systems (1). In another 
paper he sclved the problem of a beam supported by a semi- 
infinite elastic solid (2), and contrasted the results with those of 
the accepted theory of supported beams in which the foundation 
is treated as a row of unconnected springs. W. Hovgaard (3) 
applied the mathematical theory to the analysis of stresses in 
welded joints. A. Wojtaszak (4) investigated the behavior of 
thin cylindrical shells under internal load, and D. F. Gunder (5) 
discussed the Saint Venant flexure problem for a beam with longi- 
tudinal slits, in connection with researches on the strength of 
checked wooden beams. At the National Meeting of the Ap- 
plied Mechanics Division of The American Society of Mechanical 
Engineers held in Ann Arbor, Mich., June 18-19, 1935, J. P. 
Den Hartog (6) and J. L. Maulbetsch (7) each presented a paper 
on thermal stress distributions. C. W. MacGregor (8) gave a 
paper on the bending of a strip of plate damped on one edge and 
loaded by a concentrated force on the other, and J. E. Younger 
(9) discussed some applications of the three-moment equation 
to beam columns. 

Some interesting papers have been published in Germany by 
H. Neuber (10). He determines the influence, according to the 
rigorous mathematical theory, of hyperbolic grooves and ellip- 
soidal cavities in a solid under tension, shear, bending, and torsion. 
These solutions have been compared with fatigue tests by Peterson 
and Wahl (11). It is appropriate to mention in a progress report 
on elasticity that the results of the theory are now found to be in 
good quantitative as well as qualitative agreement with fatigue 
observations when the specimen is sufficiently large and of chosen 
material. 

The Saint Venant torsion problem for various polygonal sec- 
tions was dealt with by B. R. Seth (12) in England, and H. Okubo 
(13) in Japan. Seth has also given solutions of the flexure prob- 
lem for the triangular section (14). In another paper (15), on 
problems of finite strain, he obtains very precise formulas for ten- 
sion in a rod, cylindrical bending of a plate, and torsion of a cir- 
cular cylinder. 

R. C. J. Howland (16) has constructed functions which have 
enabled him to examine stress concentration due to a row of 
holes in a stretched plate, and R. C. Knight (17) has made a 


1 Research Fellow in Applied Mechanics, Ontario Research Founda- 
tion. 
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the paper. 


mathematical analysis of the stresses in a strip due to a rivet. 
D. B. Smith and R. V. Southwell published an exact solution for 
the flexure of a deep rectangular beam (18), and discussed the 
paradox of the approximate theory, that fibers are curved al- 
though there is no radial stress to maintain the curvature. B. R. 
Sen (19) determined the concentration of stress around cavities in 
a twisted cylinder. Papers by B. R. Sen (20) and I. Malkin (21) 
solved the rotating-disk problem for certain special profiles. 
Other papers, presented at the Fourth International Congress, 
are mentioned in the following paragraphs. 

Experimental work included a demonstration by J. P. Den 
Hartog and J. G. McGivern of the analogy to torsion provided 
by the rotation of a perfect fluid in a cylinder (22). The deter- 
mination of the sum of the principal stresses in a plate from the 
deflections of a membrane, as proposed by Den Hartog, was 
carried out for a plate with a hole by J. G. MceGivern and H. L. 
Supper (23). 

Activities in photoelasticity included investigations of a strip 
compressed between rollers, by C. W. MacGregor (24), a cracked 
compression member, by S. C. Hollister (25), and a chart of stress- 
concentration factors for use as design data, by M. M. Frocht (26). 
J. H. A. Brahtz (27), A. Goetz (28), and R. D. Mindlin (29) each 
gave accounts of modifications in apparatus. R. W. Vose (30) 
described his application of the optical interference extensometer 
in the measurement of lateral strain, and gave measurements of 
the stress concentration near small holes, which show the inap- 
plicability of the two-dimensional theory when the diameter of 
the hole is of the same order as the thickness of the plate. A new 
method for finding the sum of the principal stresses was proposed 
by H. Neuber (31). 


STABILITY 


Several papers were published in the Transactions of the The 
American Society of Mechanical Engineers and the new JounNaL 
or APPLIED Mecuanics, which now takes the place of the Applied 
Mechanics section of the Transactions. S. Timoshenko (32) 
discussed the buckling of flat arches and slightly curved plates, 
including bimetallic strips as used in thermostat devices. L. H. 
Donnell (33) gave a further account of his new analysis of the 
buckling of thin tubes under thrust and bending. F. J. Bridget, 
C. C. Jerome, and A. B. Vosseller (34) published the results of 
tests on thin tubes under combined thrust and torsion. A re- 
view of formulas and tests on the collapse of tubes due to external 
pressure was presented at the A.S.M.E. Annual Meeting in 1934 
by D. F. Windenburg and C. Trilling (35). At the 1935 National 
Meeting of the Applied Mechanics Division, previously referred to, 
A. J. Miles presented a paper on the stability of elastically sup- 
ported plates (36). 

A large number of papers on stability were published abroad. 
A. Weinstein derived a lower limit for the critical thrust in a 
clamped rectangular plate (37). Southwell’s method of deduc- 
ing critical loads from load-deflection observations in stability 
tests was further developed in a paper by H. R. Fisher (38). 


Fourtu INTERNATIONAL CONGRESS FOR APPLIED MECHANICS 


At this congress, held in Cambridge, England, July, 1934, only 
a small proportion of the papers dealt with elasticity. The pub- 
lished Proceedings contain the general lectures in full, and the 
sectional papers in abstract. The latter are being published in 
full in the regular journals. S. Way presented his solution for 
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the large deflections of circular plates. S. Timoshenko and S. 
Way discussed the suspension bridge with stiffening truss. E. O. 
Waters gave a three-moment equation for flat plates, M. M. 
Frocht the results of a photoelastic study of the centrally loaded 
beam, H. M. Westergaard an account of stress functions for 
shells, W. L. Schwalbe a solution of a torsion problem by iteration, 
and J. N. Goodier an investigation of the distribution of load on 
the threads of screws, based on extensometer measurements. A 
photoelastic record of impact stresses by high-speed photography 
was presented by Z. Tuzi and M. Nisida, of Japan. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Stress and Deflection of Circular Plates 
By A. M. WAHL! ann STEWART WAY,? EAST PITTSBURGH, PA. 


INTRODUCTION 


HE formulas given in this paper apply to the calculation 

of engineering structures having the shape of flat circular 

plates of uniform thickness with various loading and edge 
conditions. Such structures include diaphragms, piston heads, 
flanges, disk springs, Kingsbury thrust-bearing plates, ete. It 
is assumed that, in all cases, the plate thickness is small, say less 
than 1/; of the diameter, and that the material is not stressed 
beyond the yield point. In all cases Poisson’s ratio was taken 
as 0.3, a value generally used for steel. It should be noted that 
a considerable change in the value of this ratio will result in but 
little change in stress and deflection. 

In part 1 various cases of circular plates with holes under 
different loading and edge conditions are considered, small 
deflections being assumed. In parts 2 and 3, the case of a 
uniformly loaded circular plate without a hole is treated for 
both small and large deflections, respectively. 


SyMBOLS 


The following symbols, Fig. 1, are used: 

R = outside radius of plate, inches 

r = inside radius of plate, inches 

P = total joad on plate, uniformly 
distributed along an edge (for 
plates with holes), Ib 

p = load per sq in. of plate sur- 

face (in case a uniformly dis- 

tributed pressure is acting on the plate) 

thickness of plate (assumed constant), in. 

modulus of elasticity of the plate material, lb per sq in. 

maximum stress in the plate, lb per sq in. 

deflection of one edge of the plate with respect to the 

other, in. 


Part 1 Puates WitH Hores—SMALL DEFLECTIONS 


Schematic representations of eight different cases of loading 
and edge support commonly met with in practice‘ are shown in 


1 Westinghouse Research Laboratories, Westinghouse Electric & 
Manufacturing Co. Mem. A.S.M.E. 

2 Westinghouse Research Laboratories, Westinghouse Electric & 
Manufacturing Co. 

* For a derivation of the differential equations on which the for- 
mulas are based see, for example, “Strength of Materials,” by S. 
Timoshenko, part 2, D. Van Nostrand Co., New York, N. Y.; or 
“‘Elastische Platten,” by A. Nadai, Julius Springer, Berlin. 

« The formulas for these cases were derived in a paper on ‘Stresses 
and Deflections in Flat Circular Plates with Central Holes,’’ by A. M. 
Wahl and G. Lobo, Jr. Trans. A.S.M.E., vol. 52, 1930, paper 


Fig. 2. For example, case 1 of this figure represents a plate 
loaded by a load P uniformly distributed along the inner edge, 
the plate being simply supported along the outer edge; case 3 
represents a plate uniformly loaded on the surface, the inner edge 
built in, the outer free. The formulas for calculating stresses 
and deflections, which are of similar form for the different cases, 
are shown opposite each figure. The factors K,, K:, Ks, etce., 
occurring in the stress formulas ¢ = K(P/h?) or o = K(pR?*/h?) 
depend on the ratio R/r between outer and inner radius and may 
be taken from the curve of Fig. 3. Likewise the constants 
Ci, C2, Cs, ete., occurring in the deflection formula = C(PR?/Eh') 
or 6 = C(pR*/Eh®) can be found from Fig. 4. 

It should be noted that the formulas of Fig. 2 apply with 
reasonable accuracy where the deflections are small, say less than 
one half the thickness. The case where larger deflections are 
considered is treated in part 3. 


EXAMPLE 


The following example will illustrate the application of the 
formulas of Fig. 2: A diaphragm having a clamped inner edge 
is loaded with a total load P = 5.8 lb uniformly distributed along 
the outer edge. These are the edge and loading conditions of 
case 8. The dimensions and material constants are 


R = 1.12 in. R/r = 2.25 
r =0.5in. E = 30 X 106 lb per sq in. 
t = 0.017 in. 


From Fig. 3 for R/r = 2.25 a value Ks = 0.9 is found. Like- 
wise from Fig. 4, Cs = 0.12. 
Hence the mayimum stress is 


P 00x8s 
in. 
o = Kg in (0.017) 8,000 Ib per sq in 


The maximum deflection is 


_ PR? 0.12 X 5.8 X (1.12)? 
~ 30 X 10® X (0.017)8 


5 = 0.006 in. 


Part 2 
CircuLar Pirates Witsout HoLes—SMALL DEFLECTIONS 


Case (a) Simply supported edge and uniform load, Fig. 5a 


APM-52-3, p. 29. By using the principle of superposition in con- 
junction with additional formulas, as described in this paper, many 
other cases of loading and edge conditions may be solved with little 
labor. 
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CASE / LOADED ALONG INNER EDGE 
SIMPLY SUPPORTED AT OUTER EDGE 
P=TOTAL LOAD ON EDGE 


v= 


CASE 5 UNIFORMLY LOADED 
BUILT-IN AT INNER EDGE 
OUTER EDGE PREVENTED FROM ROTATING 
UNFORM LOAD ON SURFACE - LBS/SQ. IN. 


RE 
Rt 
Cs 


CASE 2 UMIFORMLY LOADED 
SIMPLY SUPPORTED AT INNER EDGE 


pb = UNIFORM LOAD ON SURFACE- LBS/SQ. IN. 


o- K, 


§ Cz Eh? 


CASE 6 LOADED ALONG OUTER EDGE 
BUILT-IN AT INNER EDGE 
OUTER EDGE PREVENTED FROM ROTATING 
P=TOTAL LOAD ON EDGE 


Me 


R? 


CASE 3. UNIFORMLY LOADED 
BUILT-IN AT INNER EDGE 
=UNIFORM LOAD ON SURFACE - LBS/5Q.IN. 


CASE 7 UNIFORMLY LOADED 
SIMPLY SUPPORTED AT OUTER EDGE 
P= UNIFORM LOAD ON SURFACE-LBS/SQ./N 


CASE 4 UNIFORMLY LOADED 
SIMPLY SUPPORTED AT OUTER EDGE 
INNER EDGE PREVENTED FROM ROTATING 
UNIFORM LOAD ON SURFACE- LBS/SQ. IN. 


2 
OF 


CASE 8 LOADED ALONG OUTER EDGE 
BUILT-IN AT INNER EDGE 
P=TOTAL LOAD ON EDGE 


EB 
Fie. Crrcvtar PLates Wits Howes 
Ce 
h2 
Ake 
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OUTER RADIUS 
RATIO INNER RADIUS 


Fig. 3 Curves For OBTAINING THE K Factors 


RATIO = OUTER RADIUS 
+ INNER RADIUS 


Fic. 4 Curves ror OBTAINING THE C Factors 
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Maxi deflection: 3 = 0.696 
aximum deflection: = (; Eh 
2 
Stress (center): o = 1.237 Pe 
Case (b) Clamped edge and uniform load, Fig. 5d 
Maximum deflection: 5 = 0.171 ol 
aximu 
6 pR* 
= 0.1 
or ih 0.171 
3 pR? 
Stress (edge): o = a ht 


LBS/SO.IN. 


(a) 


p LBS/SQ.IN. 


Fie. 5 Crreutar Piates WitrHout 


Part LarGce DEFLECTIONS OF CiIRCcULAR PLATES WITHOUT 
Hotes—Unirorm Loap 


For this case the deflection is no longer a linear function of 
the load. Values of for various values of pR*/Eh‘ are shown 
by the curve’ in Fig. 6, for the case of a plate clamped at the edge, 
Fig. 5b. It is assumed that the plate is so tightly clamped that 
no radial displacement at the edge is possible. The maximum 
stress, o, is at the edge and is made up of a radial bending stress 
plus a radial membrane stress. The radial membrane stress at 
the edge is due to the tensile forces which must be applied 


5 “Bending of Circular Plates With Large Deflection,’’ by S. Way, 
Trans. A.S.M.E., vol. 56, 1934, paper APM-56-12, for method of 
calculation of these curves. 
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Fie. 6 Curves FoR CALCULATING PLates WITH LARGE 
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20 


radially to prevent edge displacement. 
may be expressed by the relation 
o = B pk*/h? 
Values of B for various values of pR*/Eh‘ are given in Fig. 6. 
The deflection of a plate with a clamped edge as given by the 


linear theory for small deflections, part 2, case (b) is also in- 
dicated by the straight line in Fig. 6. 


The maximum stress, ¢, 


ke 


On the Hydrodynamic Analogy 
of Torsion’ 


ArsHaG G. The application of Kelvin’s hydrody- 
namic analogy to the determination of stress lines in shafts and 
“pictures” of warped surfaces as presented by the authors is of 
academic nature, as is evident from many statements in the paper. 
The practical value of the paper to engineers for the accurate 
determination of stresses, both as to intensity and distribution, 
is very doubtful, especially when considering the fact that many 


Fig. 1 Fig. 2 
Fie. 1 INTERFERENCE FRINGES SHOWING Stress DISTRIBUTION 


Over THE CROSS SECTION OF A STRAIGHT CIRCULAR SHAFT IN TorR- 
SION 


Fie. 2. [socuinics AND Stress TRAJECTORIES OF A CIRCULAR SHAFT 
IN TORSION 


stress problems can be solved by the well-known technique of 
photoelasticity. A photoelastic method for investigating tor- 
sional stresses has been developed by the writer at the photo- 
elastic laboratory of Columbia University and is the first of its 
kind in so far as the process used and the material adopted for 
the model are concerned. 

The method consists of heating uniformly a specimen to its 
semiplastic temperature and then applying a torque at one end 
of the bar, the other end being rigidly fixed. Both plastic and 
elastic shear strains are thereby introduced throughout the 
whole length of the specimen. After cooling the twisted bar 
to room temperature, a thin transverse section is cut from a region 
near the middle of the bar and machined to parallel surfaces, 
after which it is properly polished. When such a section is 
examined in polarized light, the internal stresses will be visible 
in the form of interference fringes. . 

Fig. 1 of this discussion shows a stress pattern for a straight 
cylindrical bar of circular cross section obtained by the method 
described in the preceding paragraph. A new transparent iso- 
tropic material known as marblette was adopted for the model 
because it possesses high optical sensitivity and great plasticity 
at low temperatures. It should be observed that in Fig. 1 of 
this discussion the fringes are of zero order at the center and have 
a uniform spacing with an increasing order toward the circum- 
ference of the disk as predicted by the theory. The irregularities 


1 By J. P. Den Hartog and J. G. McGivern. Published in the 
June, 1935, issue of the JourRNAL or AppLigp Mecuanics (A.S.M.E. 
Transactions). 

? Lecturer in Civil Engineering, Columbia University. 


close to the outer region are due to “edge effect”’ produced during 
cooling and to the slight pressure applied by the holding frame. 

From well-known principles of photoelasticity, the interfer- 
ence fringes are contours of constant (01-02) stresses (of inten- 
sities proportional to their order), o; and o2 being the values of the 
principal stresses at a point in the plane of the specimen. In this 
particular problem, o; represents the tangential stress and oy 
the radial shear stress, and since the latter is zero throughout 
the cross section, the fringe pattern gives the distribution of the 
shear stress r due to torsion. 

The directions of the shear stress are found to be tangential at 
all points over the surface of the cross section inasmuch as the 
isoclinics shown in Fig. 2 of this discussion, obtained with plane 
polarized light, appear to be diametrical bands for all orienta- 
tions of the model with respect to the plane of polarization of the 
light. 

The method outlined in this discussion gives a complete solu- 
tion of the problem since it determines both the direction and 
magnitude of the stress. A circular specimen was selected for 
illustrating the method because a theoretical solution exists 
for such a section and therefore can be used as a check on the 
experimental results. More complicated sections of practical 
interest to engineers are now being investigated. 


Film Lubrication in Sleeve Bearings' 


H. A. S. Howarrs.? Mr. Stone has given the theoretical 
basis for the interpretation of test data obtained from experi- 
ments that were briefly mentioned by G. B. Karelitz in 1929,* 
relating to the running position of a journal at different speeds. 
Fig. 8 of the paper is an interesting record of the running posi- 
tions of the author’s journal at speeds varying from 100 to 900 
rpm. It is presumed that the data used in plotting this figure 
are consecutive and consistent for one series of tests, and there- 
fore may be used for plotting an unfaired curve of running posi- 
tions that can be used for a comparison with theoretical studies. 
It is therefore opportune to point out what has been done in 
regard to journal running positions and to note how well the test 
running positions follow theoretically predictable paths. In 
making this comparison, the writer has prepared Figs. 1 to 10, 
inclusive, of this discussion, which are plotted from the investiga- 
tions of Sommerfeld, Boswall, Karelitz, Needs, and the writer. 
The data, for which the writer’s curves are drawn, are taken from 
the paper under discussion, supplemented by an earlier paper by 
Karelitz.?| From these it appears that the journal diameter 
was 9 in. and its length 18 in. and that the mean viscosity of the 
oil in the film may fairly be taken as 16 centipoises (2.32 x 10-¢ 
Reyns). As side leakage influences the running position, cor- 
rections for it have been made in accordance with plate X in a 
paper by Dr. A. Kingsbury.‘ 

Stone’s bearing had an are of 90 deg on the loaded side and 
a similar arc on the unloaded side. The edges of the bearings 


1 By M. Stone. Published in the June, 1935, issue of the JournNAL 
or AppLiep Mecuanics, Trans. A.S.M.E. 

? Vice-President and General Manager, Kingsbury Machine Works, 
Inc., Philadelphia, Pa. Mem. A.S.M.E. 

* “Performance of Oil-Ring Bearings,” by G. B. Karelitz, Trans 
A.S.M.E., vol. 52, 1934, paper APM-52-5, p. 57. 

‘“Optimum Conditions in Journal Bearings,” by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, p. 123. 
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CENTRAL BEARINGS - SOMMERF FLD 
FIG./ 


CENTRAL BEARINGS - NEEDS 
FIG.2 


VARIOUS % - BOSWALL 
FIGS 


M. STONE'S TESTS 
FIG.6 


Fie. 8 THEORETICAL RuNNING Positions oF 120- 
Dea PartTIAL-CLEARANCE BEARINGS 


were beveled slightly from the oil spaces at the 
side, about as shown in Fig. 6 of this discussion. 
The bearings studied by other investigators and 
illustrated in figures in this discussion are: (a) 
180-deg central bearings by Sommerfeld, shown 
in Fig. 1; (6) 120-deg bearings for various 
values of a/8 by the writer, shown in Fig. 4; (c) 90-deg bear- 
ings for various values of a/8 by Boswall, shown in Fig. 5; (d) 
120-deg central bearings interpreted from studies by Needs, shown 
in Fig. 2; and (e) 90-deg central bearings interpreted from 
studies by the writer, shown in Fig. 3. For experimental data 
the writer has replotted Stone’s Fig. 8 as Fig. 6 of this dis- 
cussion, and has reproduced Boswall’s tests as Fig. 7. 

The writer published in the A.S.M.E. Transactions,® several 
figures which show the path of the journal center in the clearance 
circle of the bearing for various conditions from rest until normal 


*“Journal Running Positions,” by H. A. S. Howarth, Trans. 
A.S.M.E., vol. 51, part 1, 1929, paper APM-51-3, p. 21. 


Fie.9 THEORETICAL RUNNING PosiTIoNs oF 90-DEG 
ParTIAL-CLEARANCE BEARINGS 
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VARIOUS % - HOWARTH 
FIG 4 


CENTRAL BEARINGS - HOWARTH 
FiG.3 


BOSWALL'S TESTS 


Fic. 10 JournaL RuNNING 
FIG 7 


Pos!TIONs 


operating speed is reached. 
These figures show, as in 
Fig. 10 of this discussion 
reproduced from Fig. 9 of 
y the reference, that when 
starting from rest if we assume 
the journal to be in contact 
with the bearings at D, the 
lowest point, the journal will 
roll first to the left to some 
point EF and then, as soon as 
the moment produced by this 
change of position overcomes 
the starting friction, the 
journal will slide over to the 
right and begin to ride on 
the oil film. As the speed 
increases, the film will be- 
come more perfect and some 
oscillation of the journal will 
take place before it reaches 
the path which it will follow 
with small increments of 
speed until it reaches a 
normal operating position D. The character of this curve should 
be kept in mind when discussing the plot of Stone’s tests shown 
in Fig. 6 of this discussion. No further mention of this shift 
from D to E in the writer’s Fig. 10 need be made in connection 
with the following theoretical analysis, but it may be taken 
up again in the discussion of Stone’s test results. 
Sommerfeld® was the first to give data on the running position 
of the journal and he did this for a 180-deg bearing without a 
cap, which would have introduced theoretical complications. 


* “Zur Hydrodynamischen Theorie de Schmiermittelreibung,” by 
A. Sommerfeld, Zeitschrift fiir Mathematik und Physik, vol. 50, 1904, 
pp. 97-155. 
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Sommerfeld found that the journal assuming perfect lubrication 
and neglecting side leakage, would run at a very low speed in a 
position almost horizontally opposite the center of the bearing, 
as indicated by Fig. 1 of this discussion. As the speed increased, 
the running position would move downward until a low point 
would be reached. Then with a still further increase in speed, 
the running position would rise and move to the left, reaching 
concentricity with the center of the bearing at infinite speed. 
In Fig. 1 of this discussion, the writer has marked for 200, 600, 
and 900 rpm the probable running positions of a journal with the 
dimensions and clearance of Stone’s test bearing, with side leakage 
taken account of in accordance with Kingsbury’s plate X‘. The 
viscosity of the oil is assumed to be the same as in Stone’s tests 
for all these comparisons where the running position is marked 
for a given speed. 

In his study of the 120-deg central bearing,’ Needs investigated 
the matter so carefully as to be able to show that the position of 
the journal for zero speed would theoretically be at the leading 
edge of the bearing just as had been determined by Sommerfeld 
for the 180-deg bearing. A study of the writer’s charts’ en- 
ables one to plot a curve for the 90-deg central bearing, as shown 
in Fig. 3 of this discussion. The dotted extension of the lower 
end of the curve toward the right is assumed, but agrees with 
the theoretical determination of Sommerfeld and Needs. On this 
curve, as well as in Fig. 2 of this discussion, the positions for 200, 
600, and 900 rpm are marked. 

The influence of the leading-angle ratio a/8 upon the path of 
the journal is indicated in the writer’s Fig. 4, which is adapted 
from one of the writer’s papers. The running positions for 600 
and 900 rpm, are marked. It should be noted that when a/8 = 
0.6, the running position for 900 rpm is nearly horizontally op- 
posite the center of the bearing, but that when a/8 = 0.5, the 
position for 900 rpm is much lower. The curves from which 
these data were adapted are shown in Fig. 8 of this discussion 
in which running-position paths are shown for a 120-deg bearing 
without a cap, with the angle ratio a/8 varying from 0.48 to 
0.62. 

In Fig. 9 of this discussion is shown a similar set of curves 
drawn from the data published by Boswall® for a 90-deg bearing 
without a cap, with a/8 ratios also varying from 0.48 to 0.62. 
The similarity between the curves for the 90-deg and the 120- 
deg bearing is evident from a comparison of Figs. 9 and 8 of this 
discussion. 

From Fig. 9 of this discussion, the curves for a/8 = 0.5 and 
a/8 = 0.6 were chosen and reproduced in the writer’s Fig. 5 
and upon these the running positions have been entered for 600 
and 900 rpm, as determined from Boswall’s data.*'® Data ob- 
tained from the writer’s previous work are marked as X in Fig. 5. 
The first of these, for a/8 = 0.5, lies upon Boswall’s curve for 
that ratio and agrees almost exactly with the point determined 
from Boswall’s data. The value for 900 rpm and a/8 = 0.575 
lies about where it would be expected. The same is true of the 
point for 600 rpm and a/s = 0.590 and that for 200 rpm and 
a/8 = 0.67. The theoretical work of Boswall and the writer 
may therefore be said to be in practical agreement. 

The writer next refers to Boswall’s tests for which he plotted 


7 “Effects of Side Leakage in 120-Deg Centrally Supported Journal 
Bearings,” by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, paper 
APM-56-16, p. 721. 

8 “Graphical Study of Journal Lubrication,” by H. A. S. Howarth, 
Trans. A.S.M.E., vol. 45, 1923, p. 421; vol. 46, 1924, p. 881; vol. 47, 
1925, p. 1120. 

* “The Theory of Film Lubrication,”’ by R. O. Boswall, Longmans 
Green and Company, London and New York, 1928, 280 pp. 

10“The Film Lubrication of the Journal Bearing,’’ by R. O. Bos- 
wall and T. C. Brierly, Proceedings of the Institution of Mechanical 
Engineers, London, Eng., vol. 122, April, 1932, pp. 423-570. 
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curves for a/8 = 0.5 and for a/8 = 0.583. On these curves, 
shown in Fig. 7 of this discussion, the writer has marked the run- 
ning positions for 600 rpm. It is interesting to note that Bos- 
wall’s test curves follow his theoretical curves rather closely but 
differ slightly in that they lie more to the right as the speed is 
increased. It is necessary to call attention at this point to the 
fact pointed out by Kingsbury!! and others, that the impact of 
the oil against the leading edge of a bearing builds up a pressure 
that makes the bearing operate as if it had a longer leading angle 
than that with which it is actually constructed. Boswall states 
that the faces of his test bearing at the leading and trailing edges 
were radial. By comparing Fig. 7 with Fig. 5 of this discussion, 
noticing the locus for 600 rpm, it will be seen that the impact may 
readily explain deviations of the test curves from the theoretical 
curves. Having noted this fact, Stone’s test results can now be 
examined. 

As previously stated, Stone’s bearing had a cap symmetrically 
located with respect to the bearing surface. In addition to this 
the leading edges of his bearing were not radial but were some- 
what beveled, as indicated by the writer’s Fig. 6. The effect 
of the bevel at the leading edge would be to exaggerate the in- 
fluence of impact. The effect of the bearing cap would be to in- 
troduce negative pressures which would be most pronounced 
at the leading edge of the cap. There would also be an impact 
pressure at the leading edge of the cap which would introduce 
still another complication. It is possible that impact at the 
leading edge of the cap and the negative pressure, which other- 
wise would act near that point, would neutralize each other. 
The impact at the leading edge of the working face of the bearing 
would bring about a more rapid rise of pressure within the film 
than would be the case with the radial face of Boswall’s bearing. 
Hence, it is expected that the curve of Stone’s running positions 
will be like that of a bearing whose a/8 ratio is greater than 0.5. 
On this assumption, the direction of his curve in the region of 400 
to 700 rpm is readily explained; compare it with the curves in Fig. 
5 of this discussion. 

In the matter of the running position with respect to the hori- 
zontal line through the bearing center, Stone’s points for 200 and 
600 rpm are not far from the theoretical values indicated by the 
writer’s Fig. 5, but at 900 rpm the height is much greater than 
would be expected from a theoretical consideration. It is pos- 
sible that the influence of impact at the leading edges and the 
vacuum of the cap would explain the high value. 

The queer turn the curve makes at 200 rpm indicates that at 
the low speeds there may be competition for first importance be- 
tween slight metallic contact and perfect film lubrication. Some 
metallic contact may exist at 100 rpm and may disappear at 200 
rpm. If it were not for metallic contact the point for 100 rpm 
might lie to the right of the point for 200 rpm. If this were the 
case, the curve would conform more nearly with the theoretical 
one shown in the writer’s Fig. 3, except for the influence of im- 
pact at the leading edge which is not considered in Fig. 3. The 
behavior of Stone’s bearing in the region of 800 to 900 rpm is 
not understood. 

Referring to the loops of running positions reported by Mr. 
Stone, it is suggested that possibly they were more apparent 
than real, and that the magnetic properties of the device used 
for determining the running position.might vary enough to mis- 
lead the investigator into believing that instability was present, 
where in reality there was perfect stability. This is suggested in 
order that the point may be further investigated. 

There is one other matter that should receive consideration 
and that is the theoretical locus of running positions published by 


11 “On Problems in the Theory of Fluid-Film Lubrication, With an 
Experimental Method of Solution,’’ by A. Kingsbury, Trans. A.S. 
M.E., vol. 53, 1931, paper APM-53-5, p. 59. 
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Karelitz,* based on a system of investigation proposed by Giim- 
bel. Those running positions do not agree nearly so well with 
tests by Boswall and by Stone as does the curve drawn from investi- 
gations by Sommerfeld, Boswall, Needs, and the writer. The 
curves shown by the writer’s Figs. 1 to 5, inclusive, and Figs. 8 
to 10, inclusive, were based upon the extension of the original 
theory of journal bearings as proposed by Osborne Reynolds.'? 
These studies, taken in conjunction with test results, indicate 
that Reynolds’ theory is very closely in accordance with the 
facts, and that approximations such as proposed by Giimbel and 
followed by Karelitz and Stone, are not so reliable as references 
for interpretation of test results. 


Mayo D. Hersey.'* Would it be possible to coordinate the 
author’s results with those of previous experimenters in so far 
as similar bearings are concerned?'* In comparing the film- 
thickness results given by the author with values calculated by 
Karelitz, apparent agreement is shown in the author’s Fig. 9 
with the ZN /P curve based on Karelitz’ work, although neither 
the film temperature nor the L/D ratio is given by the author. 
If the value of Z is taken from the measured temperature of the 
bearing metal, has allowance been made for temperature varia- 
tions over the cross section of the oil film?!* Differences of the 
order of 10 F might be anticipated at 900 rpm on a bearing 
9-in. in diameter. 

Assuming L/D not far from unity, where L is the length or width 
parallel with the axis, there is excellent agreement between the 
values of film thickness as given by the author in his Fig. 3a and 
those given by S. J. Needs’ for a 120-deg bearing. However, the 
values for the coefficient of friction as given by the author in his 
Fig. 3b are nearly twice those given by Needs’ for values of ZN /P 
between 30 and 50. 

Referring to page 64 of the paper by Mr. Stone, the units 
given in the list of symbols are not applicable to Equations [1], 
[2], and [3] which are valid in any consistent system of units but 
not when centipoises, pounds per square inch, and feet per minute 
are combined. The units given are evidently intended for use 
with the ZN /P diagrams, rather than with the equations. 

Mr. Stone’s Equation [14] is not restricted to the specific as- 
sumptions made, but is equally valid for fitted bearings and those 
undergoing side leakage, as may be shown by dimensional reason- 
ing.’* The author’s condensed outline of the classical theory is 
original, and should be of great help to all engineers and ad- 
vanced students who are finding difficulty with the mathematical 
literature of the hydrodynamic theory. 


AvuTHOR’s CLOSURE 


Mr. Howarth has given an interesting and thorough discussion 
concerning the running positions of the journals at various speeds 
and his explanation of why the shaft tends to run above the cen- 
ter of the bearing shell is certainly the clarifying element in the 
tests which were conducted. The author would like to add, how- 
ever, that Mr. Howarth used Fig. 8 of the paper as a basis for 


12 “On the Theory of Lubrication and Its Application to Mr. Beau- 
champ Tower’s Experiments, Including an Experimental Determina- 
tion of the Viscosity of Olive Oil,’’ by O. Reynolds, Philosophical 
Transactions of the Royal Society of London, vol. 177, 1886, part 1, 
pp. 157-234. 

13 Division of Engineering, Brown University. Mem. A.S.M.E. 

14 For a recent list of experiments in this field, see ‘‘Notes on the 
History of Lubrication,” by M. D. Hersey, Journal of the American 
Society of Naval Engineers, vol. 46, August, 1934, p. 369. 

18 “Heat Effects in Lubricating Films,” by A. Kingsbury, Me- 
chanical Engineering, vol. 55, November, 1933, pp. 685-688. 

16 “A Short Account of the Theory of Lubrication. III. Dimen- 
sional Theory With Applications,” by M. D. Hersey, Journal of 
the Franklin Institute, vol. 220, no. 2, August, 1935, pp. 187-214. 
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plotting the running positions, whereas the accurate plot for the 
running positions is as shown in Fig. 9. This will make Fig. 6 
of the discussion not exactly as Mr. Howarth shows it, but in 
general his remarks are still applicable to the point in question. 

Regarding the loops of the running positions, it can be definitely 
stated that these loops are not due to any particular properties of 
the magnetic devices used in determining the positions, because 
such instruments have been used extensively by the author and 
others, and there can be no question as to their reliability in such 
work. Similar loops have been found by others, notably by 
Hummell in Switzerland. A discussion of the causes of these 
loops, following the lines suggested in the author’s original paper 
should well merit some investigator’s time. 

In replying to Professor Hersey’s comments, the values of the 
viscosity used in the ZN/P curves were based upon measured oil 
temperatures corrected for thermal drops much as Professor 
Hersey has suggested. The ratio L/D for these bearings was 
somewhat under 1.5. As Professor Hersey states, the unite used 
in the paper refer to the ZN/P diagrams only and not to the 
general equations. The values of the coefficient of friction which 
Professor Hersey refers to in Fig. 3b of the paper were not in- 
tended to be accurate but only to indicate general tendencies, as 
the figure is labeled “characteristic curves.” The actual values 
are somewhat lower, as mentioned by Professor Hersey. 


A Method of Balancing Reciprocat- 
ing Machines’ 


M. W. Davipson.? The author states in the second paragraph 
of his paper: ‘Moreover, if the machine is self-contained, it is 
theoretically possible to obtain a perfect balance both of the dy- 
namic forces and couples, and of couples derived from gas forces. 


Fie. 1 DraGramMatic SKETCH oF IDENTICAL SINGLE-CYLINDER 
ENGINES FAsTeNED Heap To HEAD 


As a proof of this statement, consider a conventional gasoline 
motor. If two identical motors were fastened head to head, the 
crankshafts being geared together properly to give correct timing, 
and the corresponding cylinders being connected with gas pas- 
sages to equalize the pressures, it is obvious that the resulting 
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composite machine would be perfectly balanced, provided it does 
not have to transmit torque to an external machine.” 

The writer believes this statement to be too broad and some- 
what in error, which he attempts to show in Fig. 1 of this discussion. 
The diagrams in this figure represent identical single-cylinder 
engines fastened head to head. The upper figure shows the en- 
gines running in opposite directions, and the lower figure shows 
the engines running in the same direction, and both geared as the 
author suggests. The inertia effect upon the engine frame of the 
reciprocating mass is represented by P; while H represents the 
horizontal component of the inertia (linear) of the connecting 
rod; V represents the vertical component of the linear inertia of 
the connecting rod; and Q represents the turning effect upon the 
frame of the angular inertia of the connecting rod. 

The upper diagram shows that all couples and forces are bal- 
anced except the vertical components of the linear inertia of the 
connecting rods. The lower diagrams show the linear-inertia 
effects of the engines to be in balance, while the couples resulting 
from the angular inertia ‘‘and linear inertia forces’’ of the connect- 
ing rods are additive. Neither of the arrangements is in theo- 
retical balance; only the addition of cylinders can make them so. 


J. P. Den Harroa.? In Equation [28] the authors come to 
the conclusion that for the particular single-crank compressor 
under consideration the necessary balance weight is “‘consider- 
ably more than ‘all of the rotating plus half of the reciprocating 
mass.’”’ At first such a result seems strange, but a closer in- 
spection of the system shows that the balance weight is placed 
considerably lower on the vertical shaft than the unbalancing 
pisten and crank. 

If the counterweight were made equal to the rotating plus half 
the reciprocating weight, the horizontal force would be balanced 
and the center of gravity of the machine would not move. But 
the moments of the forces about the center of gravity would not 
be balanced and hence the machine would vibrate rotationally 
about its center of gravity, which results in a compression of the 
supporting springs and a transmission of the vibration to the 
foundation. It is logical in this particular case to design for 
balanced moments about the center of gravity and leave the hori- 
zontal forces unbalanced. This will result in a horizontal vibra- 
tion of the center of gravity (and in fact of the whole machine) 
but no rotation about the center of gravity will follow. The 
horizontal vibration can be taken by the supporting springs with- 
out transmission to the foundation. The author comes to this 
result correctly in Equation [28] because if each term of his ex- 
pression is multiplied by the proper ratio of moment terms, we 
find 


e3 eo 


= 0.72 F, + 1.378 
ay 
= 0.495 F, + 1.018 F: + 1.015 Fs, 


in which F, is the reciprocating weight and F; + F; is the rotating 
weight, so that the old faithful rule is seen to work well. This 
method of balancing gives ‘‘no transmission to the foundation” 
and is the most logical one. If a minimum of kinetic energy of 
the swaying machine is desired, a compromise has to be made 
between balanced moments and balanced forces. 


AvuTHOR’s CLOSURE 
The statement concerning the theoretical possibility of perfect 
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balance is perfectly valid, regardless of Prof. M. W. Davidson’s 
objections to it. The only modifying restriction that should be 
made is that the various links must be perfectly rigid, which, of 
course, is not obtained in practice. 

In answer to Professor Davidson’s specific argument, the force 
vectors shown in his upper diagram, where the engines are rotating 
in opposite directions, do not fully represent the truth of the situa- 
tion. It is well known that a connecting rod may be replaced by 
its dynamical equivalent, consisting of two masses, one concen- 
trated at each end, and a massless moment of inertia. This 
system can be made to satisfy all the dynamical specifications of 
the connecting rod, namely: 


(1) The center of gravity will be in the same location 

(2) The total mass will be the same 

(3) The moment of inertia about the center of gravity will be 
the same. 


Having substituted such an equivalent system, one weight may 
be considered attached to the piston. Its inertia force is then 
balanced perfectly by that of the corresponding weight in the 
other engine. The other weight is concentrated at the crank pin, 
and consequently may be perfectly balanced by the counter- 
weight in each engine. Finally, the inertia couples caused by the 
massless moment of inertia will be equal in magnitude and oppo- 
site in sign in the two engines, so that these are balanced. The 
result is a perfectly balanced machine. This result is granted to 
be contingent upon the proper use of counterweights. 

Now, it is quite possible that with certain machines un- 
balanced force vectors at right angles to the center line through 
shafts will remain. In such a case, a combination of four ma- 
chines will secure perfect balance. It is obvious that any vector 
system of forces and couples can be balanced by combining the 
proper number of identical systems, properly oriented in space. 

The elementary method of balancing the compressor suggested 
by Prof. J. P. Den Hartog is quite all right for certain simple cases. 
For more complicated systems, however, it usually cannot be 
applied without sacrificing precision in the results. 

Incidentally, the author and his associates consider it more 
correct to balance moments about the mean center of percussion 
with respect to the piston and counterweight forces. It is in this 
region, with a very flexible mounting, that the least motion exists. 

Professor Den Hartog’s statement that when “the counter- 
weight is made equal to all the rotating plus half the reciprocating 
mass. . .the center of gravity of the machine would not move” is 
obviously in error, for unbalanced forces remain which will oscil- 
late the center of gravity. There is, however, a region about the 
center of percussion with respect to the piston inertia force which 
has, not zero, but minimum motion. 

Further, the statement claiming that horizontal vibration can 
be taken by the springs without transmission has no justification. 
The degree of transmission depends on the location and stiffness 
of the springs, and in some cases the horizontal transmission is 
much more important than the couples produced by vertical dis- 
placement of the springs. This is particularly true in refrigerator 
cabinets. 

The author regards the close agreement of Professor Den Har- 
tog’s results as chiefly accidental, and depending upon the char- 
acteristics of the particular system. By shifting the spring 
mounting and changing the mass distribution about the center of 
gravity, widely different results can be obtained by the author’s 
method, whereas the approximate method proposed will give the 
same: result in each case. 


Working Stresses' 


W. P. Roop.? Ina recent attempt by the writer to summarize 
the “variables, outside of magnitude of stress, involved in the 
problem of strength,”’ which naturally affect the choice of a value 
for working stress, the list of key phrases given in Table 1 of this 
discussion was used as an index to the pertinent considerations. 
In view of these considerations, the writer is of the opinion that 
the author’s ‘‘Design Data on Working Stresses” touches only one 
fringe of a subject that deserves more careful study than it has 
received up to this time. 

Decisions made in the course of design are quantitative; hence, 
the safety factor must have a specific value. Although a great 
deal of effort may be devoted to estimating its actual value in a 
given case, its permissible value appears to some extent to be 
arbitrary. How may the permissible safety factor be fixed? 

Questions of this sort can be approached by either negotiation 
or calculation. Naturally there are opposing interests involved. 
Conflicting technical requirements are represented by different 
persons, and the adjustment of those conflicts may resemble a 
business negotiation in which a powerful personality may exert a 
greater influence than principles which, although in themselves 
sound, are not adequately maintained. 

To remove objections to a settlement of technical questions by 
negotiation, a process of calculation should be used. Analysis 
in mathematical terms encourages a more precise definition of the 
questions at issue and a more exact and penetrating consideration 
of the data pertinent to their solution. 

But calculations with respect to permissible values of safety 
factors would require a totally different line of mathematical 
reasoning from that used in estimating actual values. The 
safety factor usually has been regarded as the numerical measure 
of a margin. However, we are still without a rational guide, 
that is, a principle to follow in assigning an acceptable value. 
Even service tests in themselves can yield only values of the actual 
safety factor in existing structures, and this can only be accom- 
plished by testing the structures to destruction. Any extension 
of data obtained in service to untested structures is based un- 
avoidably upon the idea of probability. 

The need for margin is based on uncertainty. If conditions 
with respect to every feature of practice could be defined with 
precision in terms of stress, resulting requirements of strength 
could also be defined, and the conditions under which failure 
would occur could be predicted. Any weight of metal added to 
provide against conditions not occurring would be redundant. 
But such exact definitions do not exist, and therefore it is neces- 
sary, when studying uncertainties actually existing, to resort to 
the principles of actuarial science. Only by such methods will it 
be possible to obtain a rational answer to the question: By how 
much would the expected life of a mechanical structure be af- 
fected by a proposed modification in working stress? 

The application of actuarial principles to problems in design 
is by no means novel, but it deserves greater extension. It is the 
rational embodiment of the method by which all mechanical de- 
velopments are made, namely, by modification in the light of ex- 
perience. It also offers better correspondence with the facts of 
the psychology of invention. Structures and mechanisms with 
novel features do not spring from the mind of genius in a com- 
pleted form, but achieve their form by a process of growth. In 
this process, calculation undoubtedly plays a great part. But we 
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are only practicing self-deception when we rely on calculations 
involving a safety factor specified to a close tolerance. This 
practice gives the appearance of analytical precision to a result 
which is essentially statistical in nature. 

The owner wants absolute security in his structure. The de- 
signer knows that this is unobtainable, except at prohibitive cost 
(unless he allows himself to be deceived by his own mathematics). 
But the salesman thinks that this cannot be admitted to the owner. 
Is it not better that risk, which is unavoidable, be brought into 
the open, and its burden recognized from the beginning? The 
writer believes that in this way the social effects of casualties can 
be reduced and at the same time the high cost of construction 
which results from the use of excessive safety factors avoided. 
The rational procedure is to balance one risk against another so 
as to obtain the most favorable all-round result. 

There is a powerful tendency, in considering separately such 
circumstances as those listed in Table 1, to apply margins to all 
TABLE 1 KEY PHRASES USED AS AN INDEX IN CONSIDER- 

ING PROBLEMS OF STRENGTH 


Procedure in design: 
1 Rigidity versus strength 
2 Qualitative comparisons 
3 Nominal calculations 
4 Future alterations 


11 Failure by instability 
12 Partition of loa 


Material: 


13 Criterion of failure 
14 Corrosion 

15 Local defects 

5 Improbable loads 


6 Dynamic loads Workmanship: 
7 Cyclic loads 16 Fit 
8 Combined loads 17. Inspectors’ discretion 
18 Acceptance tests 
Form: 19 Process control 
9 Stress concentrations 20 Selective tests 
10 Progressive failure 21 The human element 


of them which, when combined, reach an impossible total. Tests 
and analysis of experience can be resorted to in order to coun- 
teract this tendency. However, there are obvious limitations to 
this procedure. In making such tests or analysis (1) the cost is 
felt most at times when the opportunity for such work is otherwise 
best and (2) their nature is artificial, thus preventing full ac- 
counting for all the conditions of service. But even so, tests 
and analysis do furnish positive clues to correct solutions. They 
offer the only alternative to wholly arbitrary decisions based on 
personal opinion. 

Personal opinion naturally cannot be eliminated and the ra- 
tional solution which will completely satisfy every one does not ex- 
ist. But intuitions not founded on facts are dangerous. The 
active promotion of experiment, research, and analysis is essen- 
tial to progress in design. 


AuTHor’s CLOSURE 


The treatment of the subject of working stresses, as given in the 
present paper, dees indeed “touch only one fringe of a subject that 
deserves more careful study.” Its only object is to define with 
as much precision as possible the terms involved. The precision 
implied is actually beyond the state of our knowledge, not only of 
the subject of strength as a whole, but also of the physical prop- 
erties of our materials. It is the author’s opinion, however, that 
this precision serves a useful purpose. The treatment has, in 
fact, grown out of the many occasions of the author’s practical 
experience, where the lack of precise definitions was the principal 
difficulty. 

Mr. Roop’s comments are pertinent to the problem of deciding 
upon the magnitude of the factor of safety. The paper empha- 
sizes the fact that this must remain the prerogative of the re- 
sponsible designer. All that the information presented in the 
paper can do is to furnish the designer with information through 
which he can interpret his own practical experience in a rational 
manner. Unfortunately, this is the only fringe of the subject 


that so far has yielded precise results. 
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Book Reviews 


Aerodynamic Theory 


ABRODYNAMIC THEORY. By William Frederick Durand, editor- 
in-chief. Vol. 3. Divisions F-l. Julius Springer, Berlin, 
1935. Cloth, 6 X 9 in., xiv plus 354 pp., 167 figs. and 6 plates. 
Special price only until the publication of the last volume, 20 rm. 


REVIEWED BY J. C. HunNsAKER! 


_ is the third volume of the series of six monographs 
presenting a comprehensive review of modern aerodynamics 
and consists of four quite independent divisions. If it were not 
for the first section dealing with the theory of “single burbling” 
the title might well have been the “Mechanics of Real Fluids,” 
for this subject is the main content of the volume. 

As the second volume may be considered a monograph on the 
applied mathematics resulting in the aerodynamics of a perfect 
fluid, so this third volume is, with the exception noted, a survey 
of the applied physics of real fluids resulting in the aerody- 
namics of a real fluid. This consideration of real fluids is di- 
vided into 173 pages on viscous fluids, 40 pages on compressible 
fluids, and 98 pages on methods of experimental investigation. 

The initial essay on the Witoszynski theory of “‘single burbling,”’ 
by C. Witoszynski of Warsaw and his former pupil, M. J. Thomp- 
son, of Ann Arbor, is essentially an extension of the theory of 
perfect fluids developed in volume 2. The classical method of 
conformal transformation of a complex function is modified by 
the addition of a discontinuous term to the complex potential. 
This has the effect of altering the theoretical flow pattern to give 
a discontinuous layer spreading behind the trailing edge of a 
wing. This layer is bounded by two surfaces intersecting at a 
single line, the trailing edge, hence the name “single burbling.”’ 
The concept of “single burbling” is a mathematical device and, 
as such, the name seems to be somewhat unfortunate, as it con- 
flicts with the general acceptance of the word “burbling”’ to 
name a physical phenomenon of complicated but quite definite 
nature. The Witoszynski theory is interesting but not an 
adequate explanation of lift and drag, nor should its artificial 
nature be confused with reality. It seems out of place in this 
volume dealing with real fluids. No doubt, consideration of 
space forced its omission from volume 2. 

The section by Prof. L. Prandtl of Géttingen on the ‘“Me- 
chanics of Viscous Fluids” is the largest and most important 
part of the book. Here we find a scholarly development from 
elementary principles of the fundamental laws of real fluids by 
one who has done more than any other living man to advance 
our knowledge in this field. 

The treatment is complete in itself and may be read by me- 
chanical engineers, without reference to vol. 1 or vol. 2, as a 
comprehensive presentation of modern fluid mechanics. It is 
applicable to the general run of problems of mechanical engineer- 
ing dealing with the flow of fluids. 

The reasoning begins with the definition of viscosity, builds 
up a theory of stress, equilibrium, and deformation, and deduces 
the classical Navier-Stokes equations of motion for a viscous but 
incompressible fluid. Without solving these intractible equa- 
tions, Reynolds’ condition of similitude is neatly deduced. The 
few known special solutions are given. The problem of obtaining 


1 Professor of Mechanical Engineering, Massachusetts Institute 
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approximate solutions for cases where viscosity is either very 
large or very small is then shown to consist of finding a solution 
at a small Reynolds number where viscosity effects are important 
and inertia unimportant, or a solution at a large Reynolds 
number where inertia effects are important and viscosity rela- 
tively unimportant. Many such solutions are available but 
they leave the entire middle range of Reynolds’ number un- 
touched. 

Here Prandtl introduces his intuitive physical conception of 
the boundary layer in the neighborhood of the fixed surface of 
a body. In this thin layer, the fluid may be in rotation due to 
viscosity but beyond it the fluid flows in accordance with a po- 
tential as in the theory of ideal fluids. In other words, viscosity 
is only of importance near the body where the velocity gradient 
is steep. The Navier-Stokes equations are simplified on the 
basis of this conception so that a “boundary-layer equation” 
results, the solutions of which are shown to hold up to the point 
of separation. A mathematical-physical discussion of separation 
leads to consideration of means for prevention of separation 
through suction, slots, etc. 

Separation leads to a discussion of turbulence; the older 
theory, Prandtl’s newer theory introducing the “mixing length,” 
and von K4rman’s extension of it by the idea of similarity of cir- 
cumstances at all points in the turbulent flow. The theoretical 
analysis of experimental data is applied to cases of frictional 
turbulent flow over surfaces, through pipes and around bodies, 
and the spread of turbulence in the wake of moving bodies. The 
drag of bodies in motion is largely due to energy lost in turbulence, 
and with the extension of our knowledge of turbulence comes 
hope for improvement in the efficiency and economy of aircraft. 
The broad survey of the turbulence problem here given should 
be of great help to students and research workers in aerodynamics 
and hydraulics. 

The section on the “Mechanics of Compressible Fluids,” by 
Prof. G. I. Taylor of Cambridge and J. W. Maccoll of Woolwich 
Arsenal gives in concise and direct manner the acoustical theory 
controlling the propagation of plane disturbances in an elastic 
medium, shock waves, and discontinuities. The theory is ap- 
plied to the problem of steady flow through a channel of vary- 
ing cross section, to nozzles, and to the design of high-speed wind 
tunnels. Two-dimensional flow around an airfoil at speeds above 
and below the velocity of sound is discussed. 

The concluding section by Prof. A. Toussaint of Saint-Cyr- 
l’Ecole and Eastman Jacobs of Langley Field gives an account of 
the development of the experimental technique of aerodynamic 
research. This includes descriptive material regarding the 
principal modern wind tunnels, together with a critical discus- 
sion of the influence of tunnel walls and scale effects. This sec- 
tion is somewhat too brief as reference material and no considera- 
tion is given to balances and instrumentation. Space was 
evidently not available but it seems unnecessary, under the dis- 
cussion of scale effect, to review the réle of the Reynolds number 
and the conditions for flow similarity, separation, etc., already 
adequately treated by Prandtl in the same volume. Also, the 
inclusion of several pages of detailed description of obsolete data 
on natural wind characteristics, gusts, soarability, kites, etc., 
seems out of place. 

There is a somewhat brief index and a good bibliography, in 
addition to footnote references scattered throughout the text. 
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Vorlesungen Uber Elementare 


Mechanik 


VORLESUNGEN UBER ELEMENTARE MECHANIK. By Jakob Nielsen, 
Professor of Theoretical Mechanics, Technical University, Co- 
penhagen. Translated into German by Werner’ Fenchel, 
Copenhagen. Julius Springer, Berlin, 1935. Paper, 61/4 X 91/2 in. 
500 plus x pp., 164 figs. 38 rm.; gebunden 39.60 rm. 


REVIEWED BY J. P. DEN Harroc? 


THs book is one of a series of mathematical treatises pub- 

lished under the general editorship of Professor Courant, 
which, clothed in a bright yellow binding, vies with the well- 
known blue-bound products of the Cambridge University Press 
in confining a maximum amount of information to a minimum of 
space. The author of this volume is professor of theoretical 
mechanics at the University of Copenhagen and the book is a 
German translation of the original Danish version of his 
lectures. The table of contents corresponds to what one would 
expect in a text in elementary mechanics; the various chapters 
carry innocent titles such as: ‘Equilibrium of Particles; Graphi- 
cal Statics; Velocity and Acceleration; Impact.”’ Beginning with 
the first page of the text itself, however, it becomes immediately 
apparent that the appellation “elementary” is a relative one, and 
in this instance must be understood in the German rather than 
in the American sense. It seems that the treatment is ele- 
mentary only because no use is made of Hamilton’s principle 
or Jacobi’s equations in the exposition of the subject. Employ- 
ing vector and tensor analysis and Lagrange’s equations with 
great profusion, the book treats the usual subject matter of 
elementary mechanics with what seems to be the greatest possible 
completeness and rigor. From this point of view it should be 
of considerable interest to professional mathematicians, while 
the engineer—even the highly educated engineer—will find it 
very difficult reading. 

Apart from the many theorems and methods of a mathematical 
nature, especially in the field of vector and tensor calculus, the 
subject matter of the book is approximately that which is usually 
covered in the larger works on genuinely elementary mechanics, 
i.e., statics, analytical and graphical, some theory of statically 
determined structures, kinematics, relative motion, dynamics 
of a particle and of solid bodies, including a short exposition of 
the gyroscope, and finally a brief chapter on impact. 


Theory of Arches 


THEORIE UND BERECHNUNG VOLLWANDIGER BOGENTRAGER BEI 
BERUCKSICHTIGUNG DES EINFLUSSES DER SYSTEMVERFORMUNG, 
By Dr.-Ing. Bernhard Fritz. Julius Springer, Berlin, 1934. Paper, 
63/4 X 101/, in., 142 pp., 75 figs., 12 rm. 


REVIEWED BY LAWRENCE C. Mavuau?® 


T# E method of analysis of hinged and fixed-end arches that is 

presented in this book is most unusual in that it considers the 
effect of the displacement of the arch axis upon the reactions, 
bending moments, and thrusts acting upon the arch. In all cases 
an equation or set of equations is obtained for the displacement 
of any point on the arch axis in terms of various load systems 
and the unknown horizontal thrust H at the abutment. Then to 
determine the value of H, an equation is written in which the 
work done by the external forces acting through the displacements 
of the arch axis is equated to the internal work of deformation. 
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Although this equation has H as the only unknown, it is necessary 
to solve for H by trial because of the complicated expressions. 

A number of numerical examples are given to illustrate the use 
of the derived equations and to compare the results with those 
that are obtained by the usual methods when the displacement 
of the arch axis is neglected. As would be expected, the great- 
est difference is obtained for large-span three-hinged arches and 
decreases successively for two-hinged, one-hinged, and fixed- 
end arches. Thus for a three-hinged arch of 212-meter span with 
21.25-meter rise, the stress at the quarter point is 61.7 per cent 
greater when the displacement is considered than by the usual 
method. Most of the increase is due to the change in the bending 
moment as there is not much change in the thrust. For the 
two-hinged arch of the same span, the increase was 26.9 per cent, 
while for a fixed-end arch it was only 8.3 per cent. 

Some experimental work was also performed so as to compare 
the results as obtained by the equations with the measurements 
that were made on small models. The results were in close agree- 
ment in practically all cases. 

After showing the magnitude of the stress increase that is 
caused by displacement of the arch axis, the author then provides 
a method of removing part of this increase by cambering the 
arch axis. The required amount of camber is given, but since 
this pertains to only one position of the load it cannot entirely 
prevent an increase of stress due to the deflection of the arch axis. 

In the conclusions, the author states that hinged arches should 
be given preference for small- or medium-span arch bridges uuless 
the soil conditions are very good. For large spans, however, the 
fixed-end arches are most desirable with the position of the arch 
axis altered so as to allow for the effects of deflection. 

The contents of the book are of particular importance to engi- 
neers who are interested in long-span arch bridges. 


Bessel Functions for Engineers 


BgssEL FunctTIoNs FOR ENGINEERS. By N. W. McLachlan, D.Sc. 
(Eng.), London. Oxford Engineering Science Series. Oxford 
University Press, New York, 1934. 202 pp., 24 figs, $5. 


REVIEWED By 5. TIMOSHENKO* 


(THERE are many problems in engineering in which the use 

of Bessel functions is necessary. In acoustics we en- 
counter such problems when dealing with vibrations of circular 
membranes or plates and in designing loud speakers. In the 
theory of elasticity Bessel functions are used in investigating 
bending of circular plates and in studying deformations having 
an axis of symmetry. The problems of elastic stability of com- 
pressed bars of variable cross section, of compressed circular 
plates and of beams of a narrow rectangular cross section bent in 
the plane of maximum rigidity require also the use of Bessel func- 
tions. In electrical engineering we encounter again many im- 
portant problems in discussing which a knowledge of Bessel func- 
tions is necessary. 

There are several books on Bessel functions published in 
English, but they are written principally for mathemati iar: 
and are not always suitable for engineers whose principal inter- 
est is in the application of the theory to the solution of practical 
problems. Engineers would prefer to have a book on Bessel 
functions which gives special consideration to practical applica- 
tions, and simple enough so that its reading will not require a 
mathematical knowledge beyond that which is usually given in 
engineering schools. McLachlan’s book is written with the in- 
tention of satisfying these requirements. 

McLachlan introduces Bessel functions of the first and second 


4 Professor of Engineering Mechanics, University of Michigan, 
Ann Arbor, Mich. Mem. A.S.M.E. 


= 
= 
/ 
ose 
j 
Ba 
i 
tran 


JOURNAL OF APPLIED MECHANICS 


kinds as the two independent solutions of Bessel’s equation. 
He begins with the functions of order zero, gives graphical repre- 
sentation of these functions and applies them in the study of 
symmetrical vibrations of a stretched circular membrane. In the 
second chapter McLachlan discusses Bessel functions of higher 
orders and shows how these functions can be used in considering 
nonsymmetrical vibrations of circular membranes in which a 
membrane has not only a system of nodal circles but also a 
system of nodal radii. Cylinder functions and surface spherical 
harmonies are also briefly discussed in this chapter. 

Chapter three discusses expansions in terms of Bessel functions, 
by using which the representation of Bessel functions of the first 
kind in the form of a definite integral is derived. The evalua- 
tions of various integrals associated with Bessel functions are 
also given in this chapter. In chapter four a brief discussion of 
hypergeometric functions, gamma functions, and Struve func- 
tions is given. The asymptotic expansions of Bessel functions 
are derived and are used in discussion of the theory of Bessel loud- 
speaker horns. 

In the two following chapters the integrals for products of two- 
Bessel functions are discussed. The author prefers a purely 
mathematical derivation of these integrals. For engineers it 
would be very instructive to have also a derivation based on a 
consideration of principal modes of vibration of a stretched mem- 
brane as done by Lord Rayleigh in his “Theory of Sound.” 

In the last chapters of the book the modified Bessel functions 
and the Ber, Bei, Ker, and Kei functions are discussed and their 
applications are shown in the solution of a transmission-line prob- 
lem and a problem on the resistance of conductors to alternating 
current. 

From this brief review it is seen that the book covers all por- 
tions of the theory which are of practical importance. It con- 
tains a large number of formulas and also several numerical 
tables which will be useful in application to practical prob- 
lems. It is clearly written so that its reading will not be 
difficult for research engineers working in acoustics or in electrical 
engineering. The only criticism which we have to make is that 
the book does not contain a sufficient number of illustrative prob- 
lems with complete derivations of equations and with a detailed 
solution of these equations. Only in working through all the 
steps in the solution of such problems can a beginner familiarize 
himself with the use of Bessel functions. The numerous prob- 
lems given at the end of each chapter are, in most cases, of a 
purely mathematical character and cannot be of much interest 
toanengineer. ‘The few technical examples which are considered 
in the book contain only a very brief derivation of the equations, 
and there is not sufficient space given for explanation of the 
physical meaning which is behind the mathematical operations. 
Perhaps the conditions can be improved if this book is read to- 
gether with the book on loud speakers by the same author, in 
which, we understand, Bessel functions are extensively used in 
the solution of technical problems. 


Exploring in Physics 


EXPLORING IN Puysics. By Reginald J. Stephenson, Ryerson Physi- 
cal Laboratory, The University of Chicago. The University of 
Chicago Press, 1935. Cardboard, 61/2 X 91/4 in., 205 pp., 2 
photographs, 225 line drawings, $1.50. 


REVIEWED BY J. ORMONDROYD® 


“TL. XPLORING in Physies”’ is designed to be a companion vol- 
ume to Professor Lemon’s introductory treatise on physics 
“From Galileo to Cosmic Rays,” Professor Stephenson supplying 
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the exercise problems which were omitted entirely from the earlier 
and larger volume. This work follows exactly in form, spirit, 
and arrangement of subject matter the lively work of Professor 
Lemon; Chichi Lasley again supplying the numerous, instructive, 
and often humorous, line drawings. 

About half the printed text consists of worked examples and 
problems. As far as possible the problem matter is related to 
situations familiar to the student. The answers to all the prob- 
lems are printed on the last five pages of the book. The other 
half of the text contains an abbreviated reminder of the general 
basie principles of classical physics. However, the essentially 
classical picture of the Rutherford-Bohr atom-structure is given 
and where electromagnetic radiation is described quanta and wave 
mechanics are touched upon lightly. 

“From Galileo to Cosmic Rays” and its subordinate companion 
“Exploring in Physics” are both attempts at humanizing the 
study of physics which appear to have achieved this end very 
successfully. 


Aristotle, Galileo, and the 
Tower of Pisa 


ARISTOTLE, GALILEO, AND THE TOWER OF Pisa. By Lane Cooper, 
Professor of the English Language and Literature at Cornell 
University. Cornell University Press, Ithaca, N. Y., 1935. Hum- 
phrey Milford, London. Cloth, 53/4 XK 81/3 in., 102 pp., 4 line 
drawings, $1.50. 


REVIEWED BY J. ORMONDROYD® 


| gprenpencrinney Cooper’s scholarly little booklet is based on 
two major theses. First, that Aristotle never said that two 
bodies of unequal weight would fall to the earth with unequal 
velocities and, second, that Galileo never dropped two unequal 
bodies from the Leaning Tower of Pisa to prove that Aristotle 
was wrong if he had said it. Minor theses are, first, that even 
if Galileo did make the discovery that bodies of unequal weight 
fall in identical fashions in vacuo, others had discovered this fact 
before him and, second, that Aristotle and Archimedes were intel- 
lectual giants compared with the “amateurish” Galileo. These 
theses are backed up by quotations from the works of Lucretius, 
Aristotle, Philoponus, Leonardo da Vinci, Cardan, Stevin, Gali- 
leo, Renieri, Viviani, Whewell, and Dingler given both in the 
original languages of publication and in English translation. 

By implication, Professor Cooper gives able expression in this 
book to the antagonism which the humanistic outlook has long 
felt toward quantitative philosophy. But as an interpretation 
of a phase in the history of science one feels that the author has 
missed the point. 

Let it be admitted that Aristotle and Archimedes stand 
higher than Galileo in some absolute scale of genius, if such a 
scale can be devised. But suppose that Galileo never dropped 
two weights from the Leaning Tower—that Newton always 
avoided apple orchards—that Archimedes never took a bath. 
One might be tempted to utter even greater heresies and deny 
that Washington ever handled a hatchet or state boldly that there 
is no Santa Claus. None of these legends is essentially part 
of the history of what really happened—but all are symbols, in the 
popular mind, indicating that something important to mankind 
did happen. ; 

Professor Cooper is badly misled when he equates the isolated 
statements of Galileo’s predecessor and contemporaries to the 
complete intellectual process contained in the dynamical sections 
of “The Dialogues Concerning Two New Seiences.”” Even when 
compared with such innovators as Copernicus, Gilbert, Kepler, 


* Experimental Division, Westinghouse Electric & Manufacturing 
Company, South Philadelphia, Pa. Mem. A.S.M.E. 


Cae 
4.4 
| | 
Pee 


A-40 JOURNAL OF APPLIED MECHANICS 


Bacon, and DesCartes, Galileo is still the first completely modern 
man. His process of observation, definition, hypothesis, deduc- 
tion from hypothesis, experimentation, and further deduction 
completely outlined in his dialogues has given the pattern to all 
scientific thought in the last three centuries. This is what is 
important. If Galileo took part in any circus tricks at the 
Tower he passes them over in silence in his written work, describ- 
ing, instead, the less spectacular, but more exact process of roll- 
ing bronze balls down grooved boards. 

Exact observation, measurement, description and compari- 
son, and the meaning of exactness and its limitations are the 
new ideas which the modern world has contributed to the intel- 
lectual history of mankind. If Galileo’s share in creating this 
new outlook is swallowed up by the legend of the Leaning Tower 
this reviewer agrees with Professor Cooper that the legend must 
be suppressed. 


The Discovery of Specific and 
Latent Heats 


Tue Discovery oF SpeciFic AND LATENT Heats. By Douglas 
McKie, Ph.D., B.Sc., Lecturer in the History and Methods of 
Science, and Niels H. de V. Heathcote, B.Sc., University College, 
London. With a Foreword by E. N. da C. Andrade, D.Sc., Ph.D., 
F.R.S., Quain Professor of Physics in the University of London. 
Edward Arnold & Co., London, 1935. Cloth, 43/4 X 71/4 in., 155 
pp., 5 plates, 6s. 


REVIEWED BY JOHN A. GoFF’ 


HIS little book contains an interesting and important contri- 

bution to the history of science. In it are reviewed in careful 
and objective manner the early investigations into the nature 
of heat which may be said to have laid the foundations of the 
modern dynamical theory. The reader will be impressed with the 
clearness with which the early confused and confusing ideas have 
been interpreted and will agree with a statement in the foreword 
by Professor Andrade, Quain Professor of Physics in the Univer- 
sity of London, that “the book owes much of its excellence to 
the fact that throughout it is based on a study of the work of the 
original writers, in the original language.’”’ The reader will also 
gain new appreciation of the difficulties with which early experi- 
menters were faced owing to their inability to separate the ideas 
of heat and temperature and new surprise that in these days of 
scientific thinking this inability still persists, not only in the mind 
of the layman, but of physicist and engineer as well. 

The work of Joseph Black (1728-1799) is discussed at length 
in chapter 1 and, in chapter 2, all doubt as to the date and prior- 
ity of Black’s experiments and his claims to the discovery of 
specific and latent heats is resolved. These chapters are of 
present interest for the references they contain to James Watt, 
the famous pupil of Black and great improver of the steam engine, 
whose Bicentenary engineers all over the world have lately 
celebrated. 

In chapter 3 are discussed the achievements of the Baltic 
workers: Krafft and Richmann in St. Petersburg, Wilcke and 
Gadolin in Sweden. Krafft (1701-1754) was essentially a “‘prac- 
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tical man” who concerned himself with the very practical problem 
of determining what temperature would result from mixing hot 
water with cold. His formula was the expression of no theory 
regarding the nature of heat, but merely an expression of common 
sense applied to simple experiment. Richmann (1711-1753), 
on the contrary, attempted to rationalize Krafft’s formula and 
argued for the superiority of his own that it gave results con- 
sistently higher than experiment by amounts attributable to the 
vessel for which no correction could be contained in a formula 
comprehending only masses and temperatures. In Richmann’s 
deductions there appear suggestions that he actually distinguished 
heat and temperature, yet these suggestions are all too vague 
to admit of definite interpretation. 

Wicke (1732-1796) undertook his experiments on latent heat 
in an effort to understand why hot water poured on snow did not, 
as he expected, convert many times its weight of snow at a tem- 
perature slightly lower than 0 C into water at a temperature 
slightly above 0 C. Again with Wilcke, however, inability to 
separate the ideas of heat and temperature led to difficulties 
and forced him to conclude, paradoxical as it seemed, “that just 
as snow in melting takes up 72 degrees of heat without becoming 
warmer, so water in freezing must give up 72 degrees of heat 
which if imparted to another equal mass of water would produce 
in the latter 72 degrees of heat without its being possible to 
detect the loss of heat in the ice that was produced by the freez- 
ing of the original mass of water.’’ The authors conclude this 
chapter by calling attention to the superiority of Black’s re- 
searches and emphasizing the fact that they antedated those of 
Wilcke by more than ten years. 

In the last chapter, under the heading of “Some Immediate 
Consequences,” the authors trace the rise and progress of calo- 
rimetry, the attempts to determine the absolute zero of tempera- 
ture, and the early investigations into the “weight of heat.” 
Thus they conclude their study with the classical experiments of 
Rumford which began the systematic attack on the material 
theory of heat and paved the way for the modern dynamical 
theory. 

One of the most interesting paragraphs in the book is that deal- 
ing with the work of Jean Morin, editor, after Kepler, of the 
Rudolphine Tables. Morin’s work (1661), which appears to be 
the very earliest attempt to deal mathematically with a quantita- 
tive problem in heat, is especially interesting for its bearing on 
thermometry. To Morin, each of the eight divisions on the 
thermometer of his period, below the highest point represented a 
“degree of cold,’ while each division above the lowest point 
represented a “degree of heat.’”” A temperature corresponding to 
the mid-point of the thermometer would therefore be one of 
“four degrees of heat and four degrees of cold.’’ In reasoning as 
to the result of mixing equal masses of water, the one having 
“four degrees of heat and four degrees of cold,” the other having 
“two degrees of heat and six degrees of cold,” he rejected the 
correct result because to him it represented six degrees of cold 
as having proportionately less effect on four degrees of heat than 
the four degrees of heat would have on six degrees of cold. One 
wonders what expression could be given the Second Law of 
Thermodynamics in terms of Morin’s ideas of temperature and 
is the more willing to accept the researches of Black as a real 
discovery of specific and latent heats. 

It is superfluous to add that the book is highly recommended. 
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An Experimental Towing Tank for 
Small Models 


By KENNETH S. M. DAVIDSON,' HOBOKEN, N. J. 


This paper considers the relationship between the re- 
sistances of small models of surface vessels as obtained 
in a towing tank, and the resistances of the corresponding 
full-size hulls. Tests of the bare model hulls are com- 
pared with tests of the same models roughened at the bow 
by applying narrow strips of comparatively coarse sand. 
The effects of the artificial stimulation of turbulence 
caused by this roughening, both in hastening the transi- 
tion from laminar to turbulent friction and in altering the 
point of separation of the boundary layer, are discussed. 
Resistance curves for full-size hulls, as developed from 
tank tests of their models made with induced turbulence, 
are compared with direct measurements of full-size re- 
sistances, as obtained in open-water tests of the full-size 
hulls. The test results are presented graphically, and 
the work of other investigators in the field is included. 


T IS a striking fact that from about 1905 until 1930, or 
precisely the period in which wind tunnels were being built 
extensively, there should have been only two towing tanks 

in active operation in this country. Since, from a practical 
standpoint, a wind tunnel is generally associated with aircraft 
development and a towing tank with surface-vessel development, 
it may be argued that a greater interest in aircraft than in 
surface vessels during these years is a sufficient explanation of 
the unbalance in experimental facilities. On the other hand, 
it has long been recognized that there is no sharp line of de- 
marcation between much of the basic hydrodynamics of the two 
fields, and that there may be important advantages in conduct- 
ing parallel research projects in both air and water. The past 
30 years have witnessed significant progress in dealing with the 
hydrodynamics of fluids of small viscosity, but in so far as this 
country is concerned the larger part of that progress has origi- 
nated in aerodynamic research. One reason for this seems 
obvious—where the experimental facilities are most extensive, 
the activity is likely to be greatest. 

A contributing cause of the scarcity of towing tanks in this 
country has been the widespread belief that their usefulness de- 
pended on the comparatively large scale of operations adopted 
for the older tanks. The advantages of lower cost and greater 
convenience of a much smaller scale of operations have always 
been apparent. But the fact that in too many cases the earlier 
tests of small surface models could not be correlated with the 
tests of larger models (1, 2),2 combined with an inclination to 
consider a high accuracy of prediction of full-size resistances al- 
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most the only objective of ship-model tests, seemed a sufficiently 
imposing obstacle in the way of the ultimate usefulness of small 
tanks to discourage building them, even though that might be 
done at relatively small cost. 

In recent years, the development of a better understanding of 
skin-friction phenomena has indicated that most of the difficulties 
with ‘the earlier tests of small surface models probably were due 
directly or indirectly to a failure to control the essentially un- 
stable flow pattern in the boundary friction layer (3), and has 
suggested means of controlling this pattern (1, 4, 5). Although 
with this wider background later experiments have been more 
promising (6), it has not been demonstrated that the small model 
can be a reliable experimental tool for the serious investigation 
of anything but its own idiosyncrasies. Several years ago, with 
such a demonstration as its first objective, a study of the question 
of the behavior of small surface models was undertaken at 
Stevens Institute of Technology, using portable apparatus and 
a 60-ft swimming pool as a temporary tank. 


SurFace MopeEts 


The ordinary dimensional relationship (7) given by the follow- 
ing equation shows, that in the absence of liquids with kinematic 
viscosities very much smaller than those of water, there is no 
possibility of making a test of a surface model under conditions 
which are completely similar dynamically to those of the full- 
size prototype. This relationship is 


) 


where R = resistance; A = wetted area, proportional to /*; 
p = mass density; v = speed of advance, ¢ = a function; | = 
any linear dimensions of the form, usually length; v = kinematic 
viscosity; g = acceleration of gravity; and 1;, r2, rs; = ratios of 
linear dimension, defining shape. Whatever the model size, 
either the Reynolds number (vl/v) or the Froude number (v?/g/) 
of the model test must differ from that of the full-size test, and 
no one size of model has a basic advantage over other sizes. 

The usual way out of the difficulty, first discussed by Froude 
(8), involves the major assumptions (a) that friction and wave- 
making resistances are separable parts of the total resistance of 
any form, and (6) that the friction resistance of a form behaves 
like that of a plank on edge which has the same length and wetted 
area, and which moves at the same speed as the form. 

Perhaps adopted originally as simply a plausible working 
hypothesis, the first of these assumptions has gradually taken 
a very prominent position, not only in the surface-model work 
which led to its formulation, but also in applications of Prandtl’s 
boundary-layer theory (9) to aircraft analyses. It is equivalent 
to writing 

R, R, 


Apv? = Apv? Apv? 


where R, = total resistance, R, = friction resistance, and R, = 
residual resistance including wave and eddy making, and second 
to considering that the two criteria of the general relationship 
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refer separately to the two parts, so that for geometrically similar 


where ¢; and ¢2 = different functions. 

Under the two assumptions, taken together, the ultimate pur- 
pose of the model test becomes that of fixing the residual coef- 
ficients for the form by subtracting the friction coefficients for the 
equivalent plank (separately determined) from the measured 
total coefficients. To accomplish this purpose the test speeds for 
the model must cover the same range of Froude numbers as is 
needed for the full-size predictions. Thus, whenever the model 
size is reduced, there is a double reduction of the range of Reyn- 
olds numbers covered by the tests. 

If smooth sharp-ended planks are towed through reasonably 
still water, the friction coefficients for the range of Reynolds 
numbers which is of interest in model testing will usually fall 
close to the combined Blasius (laminar), Prandtl (transition) and 
Gebers (extended transition) curves (10) shown at the bottom of 
Fig. 1. The curves in the upper part of Fig. 1 represent the tests 
of six nearly identical yacht forms of varying size. The four 
smaller models of this series were tested in the Stevens swimming 
pool; the full-size boat which had a water-line length (L.W.L.) 
of 23 ft was tested in open water. In all cases the surface of 
the form was well rubbed down and precautions were taken to 
insure substantially still water for the tests. The sharp upturn 
in the curves in the upper part of Fig. 1, caused by the large 
wave-making resistances which develop at high speed-length 
ratios,* prevent a direct comparison, over the entire speed range, 
of the friction resistances of the boat forms, with those of the 
equivalent planks. However, there is no indication of the upturn 
until the speed-length ratio exceeds about 0.6 and it is interesting 
to note that, if the portions of the curves corresponding to higher 
speed-length ratios are disregarded, the remaining portions appear 
to form parts of a continuous curve having shape characteristics 
similar to those of the combined plank curve. 


R, 
Apv? 


3 Considering g to be sensibly constant, the speed-length ratio 
V//l, where V = speed in knots, is proportional to the square root 
of the Froude number, and is often used in its place. 
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By itself, this general shape agreement suggests that the pro- 
cedure for determining residual coefficients, usual for larger 
models, may not be invalidated for small models merely because 
their tests lie in the region of purely laminar friction. However, 
if this suggestion is tested by taking values from Fig. 1, it is dis- 
covered immediately that, at any constant speed-length ratio, 
residual coefficients for the smaller models are considerably 
greater than those for the large model or the full-size form. It 
seems probable that this shift in the magnitudes of the residual 
coefficients is analogous to the well-known shift in the drag co- 
efficient of a submerged sphere when its boundary layer changes 
from the laminar to the turbulent pattern (11, 12), that is, it is 
caused by an important alteration in the location of the point of 
separation of the boundary layer. In any event there appears to 
be little chance that residual coefficients determined in the laminar 
region can ever be applied directly in the turbulent region. 

Also, it should be pointed out that, on the whole, Fig. 1 pre- 
sents a more consistent picture than similar diagrams for other 
kinds of forms. The extreme refinement of the form of the 
sailing yacht appears to eliminate the tendency of, for example, 
the ordinary steamship bow to upset the stability of the laminar 
friction flow (1), so that marked differences between the shapes 
of the coefficient curves for this form and those for planks do not 
occur until the wave-making resistance becomes important as 
such. Ordinarily, the reasoning of the preceding paragraph is not 
suggested by the tests of steamship forms. 


INDUCED TURBULENCE 


It has been known for some time that the curve of plank-fric- 
tion coefficients is not a unique function of the ordinary Reyn- 
olds number in the transition, or mixed-flow, region, and that 
the transition curve can be shifted in the direction of lower Reyn- 
olds numbers by increasing the disturbance of the stream into 
which the plank moves (1, 4, 13). A detailed consideration of 
the full theoretical significance of this situation would be ir- 
relevant to the present discussion. It is enough to say that it 
does not necessarily invalidate the original dimensional reasoning, 
or even demonstrate that a pertinent variable was omitted from 
that reasoning, but may very well mean simply that the length 
of the plank is an insufficient definition of the characteristic 


] 
: 1b -/.93 LWLA 15 |_| 
0.007+ 19.28 /b-2.42f¢ L.WL.C 
rs; 54.8 L.WL.D rT Lat | 
0.006K" 313.0 LWLE 
(642) 8600.0 16 -23.00Ft L.WLF 13 / 
> 0.005 “SY 
> 04 Lg (03 13 
78 0.9 
0.7 0. 9 
9.002 Plan lon 
qrans err 
(Plank) 
pebers 
| | 
0.004 2 3 4% 6 7 8 Sixl0® 2 4 5 6 7 8 9 Ixio’ 


Reynolds Number 


Fic. 1 Comparison oF Data From Tests or Yacut Forms Wits Puank Data 
(No turbulence induced during tests.) 


Af 
(“) 
> 
= 
= 
< 


JOURNAL OF APPLIED MECHANICS A-43 
0010 T 
0,009 
0.008 
0.007 
0.006 —; Bow 
anes Roughened-~ 
2 Widths of Plain Hull 
is Rovghening», 
0.003 


Reference from Fig.l 


0.00116 445 6 78 910° 2 3 4 5 6 7890" 
vi/v 


Reynolds Number 


Fig. 2. Comparison or 6-MeTeR Mopet Tests WITH AND WitTHouT INDUCED TURBULENCE 
(The model had a water-line length of 3 ft and weighed 17.32 lb.) 


linear factor of the flow system as a whole (14). Its practical 
importance lies in the fact that, as there is no evidence to show 
that a reasonable alteration of the degree of disturbance of the 
oncoming stream has any other effect than that of shifting the 
very unstable transition curve, it suggests a possible way of 
getting complete turbulence in the friction belts of quite small 
models. 

Fig. 2 shows the results of the first tests at Stevens Institute in 
which an attempt was made to shift the transition curve by 
introducing artificial disturbance. Successive tests were made, 
first of the bare hull, and then of the same hull with a vertical 
strip of its surface, at the extreme forward end, roughened by 
applying relatively coarse sand of uniform particle size as shown 
in Fig. 3. Schoenherr used this method of inducing turbulence 
with some success in his experiments with planks (4). In the 
present case, two very narrow strips of different widths were 
tested. The general appearance of the various curves of co- 
efficients in Fig. 2 leaves little doubt that the sand strips have 
caused a shift in the transition curve. In particular, the very 
pronounced hollow in the vicinity of Reynolds numbers of 5 to 
7 X 10°, characteristic of the bare-hull curve and of the curves 
of Fig. 1, has been reduced to a much smaller hollow at appre- 
ciably lower Reynolds numbers. Although applying a strip of 
sand at the bow may not seem to be identical with introducing 
a disturbance of the stream ahead of the model, it amounts to 
the same thing, and it may be more effective. The small eddies 
trailing from the individual sand particles are injected imme- 
diately into the friction belt where, because the high shearing 
stresses are nearly sufficient in themselves to cause instability, 
they are very effective in hastening the final breakdown of 
stability, and in throwing the flow around the entire smooth 
surface of the model into turbulence. The only question is 
whether these same eddies may not go farther, and cause extra 
resistance on their own account. When Fig. 2 was first drawn, 
it was concluded that, although the change in the width of sand 
strip had obviously altered the transition curve, it had caused 
no systematic differences in the coefficients as soon as the Reyn- 
olds numbers exceed about 6 X 10°. Here, presumably, full 
turbulence was achieved in both cases. From this it was further 
concluded that, as the wider strip had nearly twice the width of 
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the narrower strip, it was unlikely that either strip had caused 
any appreciable extra resistance. However, an improved ex- 
perimental accuracy indicated that this conclusion would have 
to be modified. 

Figs. 4 and 5 which are drawn to a larger scale and in plain 
instead of logarithmic coordinates, show the results of tests of 
two models with water-line lengths of just over 3 ft in which the 
effect of varying the width of sand strip was investigated in more 
detail. In each case the curves for the different widths have 
been given the same shape, with vertical displacements as re- 
quired by the test data. As this procedure cannot be said to 
have abused the data, it is clear that altering the sand width 
merely altered the magnitude of a constant addition to all co- 
efficients. In other words, the sand caused an additional eddy 
resistance proportional to the square of the speed. The auxiliary 
charts in Figs. 4 and 5 show what might reasonably have been 
anticipated, that for narrow widths the constant addition to 
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all coefficients is practically proportional to the strip width (the 
length being held constant), and they indicate equivalent con- 
stants of proportionality for the two cases. 

This state of affairs, far from discouraging the use of sand 
strips as a means of inducing turbulence, rather enhances their 
value. In the first place, it is simple enough to use two different 
strip widths in the course of routine testing, thus getting data for 
two equidistant curves instead of for a single curve, a procedure 
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which aids in the ordinary mechanical process of fairing in the 
best mean curve of coefficients. Then, there is no necessity for 
attempting to find the minimum strip width which will just induce 
complete turbulence at the lowest required speed. Any con- 
venient widths may be used, and the excess coefficients deter- 
mined, as in the auxiliary charts of Figs. 4 and 5, by extrapolating 
to zero strip width. In that way there need never be any danger 
that insufficient roughness has been applied to insure complete 
turbulence, because a falling away of the lower curves from 
equidistance with the upper curves, such as would occur in Fig. 4 
if all the curves were extended in the direction of lower 
speeds (in which there was no particular interest), will give 
warning whenever success in inducing turbulence has not been 
achieved. 


CORRELATION OF INDUCED-TURBULENCE TESTS OF SMALL 
SurFrace MopELs 


It has been remarked already that in general, without induced 
turbulence, the tests of small models cannot be correlated with 
the tests of full-size vessels which run in the completely turbulent 
region. The question naturally arises then, whether, with 
induced turbulence, satisfactory correlation is possible. To 
throw light on this question, several full-size yachts were tested 
in open water, among them the prototype of the model repre- 
sented by the tests in Fig. 5. Fig. 6 illustrates, in semilog co- 
ordinates, the means employed to investigate the correlation be- 
tween model and prototype in this case. It shows (a) the cor- 
rected curve of total coefficients for the model, copied from Fig. 5; 
(b) the Schoenherr curve of plank coefficients, as in Fig. 2; (c) the 
model curve displaced to the full-size Reynolds numbers; (d) 
the coefficients for each full-size test point, as directly observed. 
The Schoenherr curve (4) was selected for this comparison, and 
subsequently as the standard at the Stevens tank, because it 
represents complete turbulence and because it is backed by 
(a) induced-turbulence experiments extending down to Reynolds 
numbers of the order of 2.5 X 105, (b) an extensive correlation 
of most of the reliable plank experiments which have been made 
throughout history, and (c) the latest theoretical investigations 
of von Kaérmén (14). 

The full-size test points shown in Fig. 6, as in similar attempts 
to measure resistances in open water (8, 15), are rough compared 
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with the accuracy ordinarily obtained in model tests. For this 
reason no attempt was made to draw a mean curve through them. 
However, they are grouped well enough to demonstrate that the 
curve predicted for them from the curve of model coefficients, 
by simply sliding that curve over and keeping it equidistant 
from the plank-friction curve, is not basically different from any 
reasonable mean curve which might be drawn without reference 
to the model tests. This demonstration is equally convincing 
when the data are plotted in the form of plain resistance versus 
speed, as in Fig. 7. Fig. 8 is another comparison of the same 
kind. 

The method of correlation illustrated in Fig. 6 differs in no 
essential respect from that ordinarily employed in predicting the 
resistances of full-size vessels from those of large models. As- 
suming no basic differences of behavior, the important thing is to 
determine by how much the total coefficient (at constant speed- 
length ratio) drops off as the size of the form is increased from 
that of the model to that of the ship (4). If Froude’s major as- 
sumption of the additive nature of the two principal parts of the 
total resistance holds, then the change of total coefficient pro- 
duced by a change of speed-length ratio is independent of the 
size (2), and the drop with increase of size must be attributed to 
the functional relationship between the skin-friction coefficient 
and the Reynolds number. Furthermore, if the skin friction of 
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relatively full-bodied forms be considered comparable with that 
of planks, then tests of the latter may be used to determine this 
drop of total coefficient. 

The process, taken as a whole, has been reasonably successful 
in making comparisons of the tests of large models (16), and in 
predicting the resistances of large vessels. However, attempts to 
make accurate estimates of its reliability for the second purpose 
have been hampered by the difficulties of reproducing the sur- 
face roughness of large ships in their models (8), and by the 
lack of plank tests at the Reynolds numbers at which large ves- 
sels run. 

The fact that it works so well in such a comparison as that shown 
in Fig. 6 is almost as much a vindication of the process itself, 
and of Froude’s basic assumption, as it is a demonstration of the 
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reliability which can-be achieved with small models. In the 
latter comparison, both the model and full-size forms had very 
smooth surfaces, and the plank-test data cover adequately the 
required range of Reynolds numbers. 

One other point ought to be mentioned. In the case of a sail- 
ing yacht, the water-line length is almost invariably greater than 
any other wetted horizontal length. The question then arises 
as to what is the proper effective length to use in calculating the 
Reynolds number. It is not a question to which a very exact 
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answer is needed because, as can be seen in Fig. 6, the plank- 
coefficient curve has nearly the same slope for both the model and 
the full-size forms. However, the slope is not quite constant, 
and the effective length must be less than the water-line length. 
Therefore, some adjustment is desirable. In plotting the curves 
in Fig. 6, and making similar comparisons for other sailing yachts, 
the effective length has been estimated as 0.7 of the water-line 
length, and the Reynolds numbers calculated accordingly. The 
effect of this change on the full-size correlation is small, but 
appreciable. 


Towine TANK FoR SMALL MopeEts 


It was the background of comparisons like those of Figs. 7 and 8 
which gradually brought about the conviction that the small 
model could be an experimental tool inherently as reliable as the 
large model, and that if a permanent tank for small models could 
be provided, the emphasis might be shifted almost at once from 
the problem of demonstrating reliability to other more important 
problems. On the strength of this conviction, funds were ob- 
tained and a permanent tank of moderate dimensions has been 
installed at the Stevens Institute of Technology. This tank, 
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Fic. 9 ExXpreRIMENTAL TOWING TANK FOR SMALL MopELs aT STEVENS INSTITUTE OF TECHNOLOGY 


with the single rail and the operating.carriage, with a model 
attached, is shown in Fig. 9. 
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Stability of Rectangular Plates Elastically 
Supported at the Edges 


By AARON J. MILES,' ALTON, ILL. 


The author points out that the exact solutions of sta- 
bility problems of elastically supported rectangular plates 
involve the solution of a fourth-order partial-differential 
equation in conjunction with certain boundary conditions, 
and that the resulting expressions from which the critical 
loads must be obtained are clumsy transcendental equa- 
tions. These equations contain as parameters the ratio 
of the stiffness of the beam to the stiffness of the plate 
and the ratio of the cross-sectional area of the beam to the 
cross-sectional area of the plate, as well as the number of 
half waves into which the plate buckles. The number 
of half waves must be an integer and of such value as to 
make the critical load a minimum. A set of curves, pro- 
vided in this paper for the solution of these transcenden- 
tal equations, gives the critical load and also the number 
of half waves into which the plate buckles. 


ANY engineering structures incorporate as members 
M thin rectangular plates. Some edges of these plates are 

neither rigidly supported nor free. They may be sup- 
ported at one or more edges by beams which are elastic and yield 
when a load is applied. If the load applied to the plate is normal 
to the plane of the plate, the problem is one of bending and in 
solving it the maximum stresses in the plate and the deflections 
of the plate must be determined. In ease the load on the plate 
is applied to opposite edges of the plate and in the plane of the 
plate, thus placing the plate in compression the problem becomes 
one of stability and the object in solving the problem is to find 
the smallest load that will cause the plate to buckle. 

The exact solutions of stability problems of elastically sup- 
ported rectangular plates involve the solution of a fourth-order 
partial-differential equation in conjunction with certain boundary 
conditions. The resulting expressions from which the critical 
loads must be obtained are clumsy transcendental equations. 
These equations contain as parameters the ratio of the stiffness 
of the beam to the stiffness of the plate and the ratio of the cross- 
sectional area of the beam to the cross-sectional area of the plate, 
as well as the number of half waves into which the plate buckles. 
The number of half waves must be an integer and of such value 
as to make the critical load a minimum. Curves are provided 
in this paper, for the solution of these transcendental equations, 
which give the critical load and also the number of half waves 
into which the plate buckles. 

The first successful investigators? of the stability problem of 
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plates were concerned with plates that were rigidly supported. 
These supports were assumed not to yield under load. Recently 
several other investigators? have concerned themselves with 
the stability of elastically supported plates, and have obtained 
the transcendental equations previously mentioned for many 
of the common methods of supporting plates. The results have 
never been carried much further than the derivation of the 
equations. It is hoped that the curves given in this paper will 
meet the engineer’s needs for solving quickly problems that 
pertain to these special cases of elastically supported plates. 


CASE 1 


This case, represented in Fig. 1, involves a rectangular plate 
of constant thickness simply supported and uniformly compressed 
on two opposite edges and elastically supported by simple elastic 
supports on the other pair of opposite edges. The connections 
between the plate and the elastie supporting beams are smooth 
V-notches which allow free rotation of the edges of the plate. 
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A uniform pressure o per unit area acts on the edge of the plate 
and in the plane of the plate at the simple unyielding supports. 
Let the thickness of the plate be 2h and let the compressed edges 
be at z = O and z = a and the elastically supported edges be at 
y = b/2, and y = —b/2. The pressure o also acts on the ends 
of the elastic supports. The force per unit length on the edges 
of length 6 is 2he and on the end of each elastic support is Ac, 
where A is the cross-sectional area of the supports. It is clear 
that there is a particular value of « which will cause the plate, 
or the plate and supports together, to buckle just as a column 
buckles under the action of a thrust. It is the object of the 
discussion presented in this paper to find the smallest value of 
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that will cause a small buckling. This value of « will be referred 
to as the critical value of the load. 


NoraTIoNs 


w = lateral deflections of the plate 
x and y = coordinates of the middle plane of the plate 
w,, and w,, = notation for 0°w/dz* and 0*w/dy?, etc. 

A = cross-sectional area of supporting beams 
I = moment of inertia of the cross-sectional area of beam 
E = modulus of elasticity 
v = Poisson’s ratio 

2h = thickness of plate 

a and b = dimensions of the plate 

i = positive integer 
o = normal compression stress 

J = total potential energy 
D = E(2h)3/12(1 — v?) = flexural rigidity of the plate 

¢? = ixb/a 
a =ix/a 
xr = (2hob?/D) 

Kk, = E,J,/Db, where subscripts (), refer to the beams 

Ky. = A/2hb 
L = K, — K2(z*/¢*) 
Y = a function of y but not of x 
( = constants of integration 


V arv/(2he/D) + 
V ar/ (2he/D) — a2 


M, = bending moment in the direction of y, per unit 
width of the section of the plate. 


There are several more or less equivalent methods of attacking 
the problem. The one used in this paper might be called the 
variational method. An expression is obtained for the potential 
energy of the system, consisting of the loaded plate and the 
elastie supports in a slight displacement from the equilibrium 
position. The consideration of stability requires that the ex- 
pression for the potential energy shall have its first variation 
equal to zero. 

The following notation is used for the sake of convenience 


w, —, wv, = 


etc. 


= 


The total potential energy J of the system is* 


b/2 
J=— f E + 2rw,, Wy, + 2(1 — »)w,,? + w,,? 
b/2 
- w dydx + — sou, | = b/2 
1 a 
+ Lf E w,,2 — | da\y = —vy2. [1] 


Setting the first variation of J to zero gives 


'b/2 
a 
+ 2(1 — »)w,,dw,, — dxdy + Ea 
0 
a 
lal =b/2 + f | 
0 


--- dz|y = —b/2 = 0... [2] 


4 For the derivation of the formula see ‘“Elastiche Platten,’’ by 
A. NAdai, Julius Springer, Berlin. Germany 
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Integrating each term of Equation [2] by parts and remember- 
ing from the calculus of variations that 5w,dz = d[éw], 5w,,dz = 
d[éw,] and that 5w = 0 at the unyielding supports where x = 0 
and z =a. The result after collecting terms is 


b/2 
b/2 'b/2 
+ rf E + bw,dy|z = a of 
— b/2 — b/2 
a 
+ ren dy\z=0 + vf E + bw, y = +0b/2 
a a 
of E + bw,dz|, — vf 


Eyl, Ao 


Ww 


D 


a 
E,I 
+ vf E +(2—v)w,,, + 


- dwdz|y = —p2 = 0...... [3} 


dwdrly 4/2 


+ 
— u 
D z 

The variation in the deflection, 5w, is an arbitrary variation 
except at the edges c = 0 and x = a where dw must be zero. 
Therefore in order that 6J be zero for all possible variations, 
the integrands of Equation [3] must be zero 


2ho 
Wz, + = 0 forz = Oandz=a....... [5] 


Wy + vv,, = 0 fory = 


Ae 

vu D D 
for y = b/2 


for y = —b/2 


b/2 and y = —-b/2..... [6] 


Since the deflections at the edge, x = 0 and x = a, are zero 

for <=0 and =4.............; [8] 

Equations [4] to [8], inclusive, constitute a differential equa- 

tion with boundary conditions which must now be solved. 
Assume a solution in the form® 


where Y isa function of y but not of z, and 7 is a positive integer. 
Substitution in Equation [4] gives 


where a = ix/a. Dividing through by sin ax gives 


’ This step was suggested by M. Levy. See ‘Sur |’équilibre 
élastique d’une plaque rectangulaire,” by M. Levy, Comptes Rendus, 
de l’Académie des Sciences, Paris, France, vol. 129, 1899, pp. 535- 
540. 
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This is an ordinary differential equation with constant coeffi- 
cients the solution of which is 


Y = C, sinh my + C, cosh my + C3 sin my + Cy cos may 
where 


m +0 and m= Yo 


‘The expression for w becomes 


w = [C, sinh my + C2 cosh my + Cy.sin my + Cy cos my} 
sin az.... [13] 
If the plate buckles symmetrically with respect to the z-axis, 
w is an even function of y and C,; = C; = 0. If the two elas- 
tically supported edges buckle in opposite directions, w is an 
odd function of y, and C; = Cy = 0. Assuming first that the 
plate buckles symmetrically with respect to the z-axis, the ex- 
pression for w is 


w = [C, cosh my + Cy cos my] sin ar........ [14] 


This equation, satisfies Equations [4], [5], and [8]. 
Substitution of Equation [14] in Equation [6] gives after 
collecting terms and dividing out sin ax 


(m,? — va®) cosh m,(b/2)Co — (m2? + va?) cos m2(b/2)C4. . . [15] 


Substitution of Equation [14] in Equation [7] gives 


cosh mb 2| Cy + m3 + a?(2 — b/2 + 


A 
= - COS M2 | C, = 0....[16) 


Equations [15] and [16] define Cy, and Cy. Since C, and C, 
cannot be zero and represent a buckled condition of the plate, 
their coefficient determinant must be zero, hence 


(m,? va?) cosh m,(b/2), —(m.? + a®v) cos m2(b/2) 


D 
cosh m,(b/2), | m2? + a?(2—v)me} sin m2(b/2) + 


(« «) cos m2(b/2) | =0 


A 
{m3 a®(2— v)m,} sinh m, (b/2) + 


If this determinant is expanded and divided by chm(b/2) cos 
m(b/2) the resulting equation is 


(m,? — va?) { me? + — v)m,} tan m,(b/2) + (m2? + av) 
{ m,3 — — v)m,} tanh m,(b/2) = (m,? + m2) 


—a? 


Equation [17] can be simplified by the following transformation 


zr = /(2hob?/D) ) 
K, = E,I,/Db 

L = K, — 
¢? = ixb/a 

Ky, = A/2hb 


It is of interest to note that the quantities Equations [18] are all 
dimensionless. 


The transformed equation is 


[x — — »)]? tanh Vr + = [19] 


If the elastic supports at the edges of the plate buckle in 
opposite directions, w is an odd function of y, and C, = C, = 0 
in Equation [13]. The expression for w becomes 


w = [C; sinh my + C; sin my] sin az........ [20] 
This solution leads to the transcendental equation 
V2 — [x + —»)} cot (4/2) Vz — — Vz + 
[2 — — »)]* eoth (4/2) Vz + = [21] 


If no assumption is made as to the form of the buckled plate 
and if the value of w as given by Equation [13] is used instead 
of the value given by either Equation [14] or [20], the result is 
the product of the two expressions given by Equations [19] and 
(21). 

Equations [19] and [21] contain the variables z and ¢? and 
the parameters K, and K; of the quantity L. As mentioned 
previously z and ¢? are dimensionless. The parameter K, is the 
ratio of the products of the modulus of elasticity by the moment 
of inertia of cross-sectional area of the supporting beams to the 
product of the same quantities of the plate, and is also dimen- 
sionless. The parameter Ky is the ratio of the cross-sectional 
area of the supporting beam to the cross-sectional area of the 
plate, and is likewise without dimension. 

For a given plate and supporting beams, z and ¢? are the only 
variables and K, and K; are constants. Also ¢? will not vary 
continuously but can have as values only integral multiples of 
rb/a(¢? = ixb/a). This is because 7 is the number of half 
waves in the z-direction as shown by Equation [9]. 

Equation [19] gives the relation which must exist between the 
variables z and ¢? if the plate buckles symmetrically with respect 
to the z-axis. If the two elastically supported edges buckle in 
opposite directions, the relation between z and ¢? is given by 
Equation [21]. These two shapes into which the plate may 
buckle are configurations which in turn are varied by the number 
of half waves in the z-direction. The flat shape of the plate, 
w = 0, satisfies all the requirements for minimum energy but is 
of no interest here, since the object is to find the smallest value 
of « which will buckle the plate. The actual configuration into 
which the plate buckles is the one that requires the smallest value 
of «. Since z = +/(2heb*/D), o will be a minimum when z is a 
minimum. 

The minimum value of z is determined from Equation [19] 
or Equation [21] with ¢? restricted to integral multiples of 
xb/a. It will be seen later that in general buckling symmetri- 
cally with respect to the z-axis required the smallest load, and for 
large or stiff supports the plate will buckle into a number of 
waves such that ib/a will be approximately unity. For small 
values of L, that is for rather flexible supports, the minimum 
value of x corresponds to values of i = 1; that is, the plate and 
supports buckle as a column with pinned ends into one-half 
waves. 

In order to facilitate the solution of Equations [19] and [21], 
graphs are constructed with z as ordinate and ¢? as abscissa. 
Poisson’s ratio » is taken as 0.3. The curves are the loci of x 
and ¢? which give constant values to L. The exact value of L 
is given on each curve. The curve marked © corresponds to an 
infinitely rigid support. This agrees with the solution obtained 
by G. H. Bryan? for a rectangular plate simply supported at its 
edges and subjected to a uniform compression in one direction. 
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The straight line marked Euler is the graph of « = ¢? and 
gives values of o which are obtained by the Euler formula for 
the rectangular plate without elastic supports and considered 
as a column. Values of z above the Euler value and below 
those corresponding to L = © are of interest here. 

Since L = K, — K,(x?/¢*) and is not independent of x and 
¢*, the trial-and-error method is necessary in the solution of the 
equations by use of the curves, but the process is not long nor 
difficult and rather accurate results are quickly obtained. The 
method of using the curves will be explained by an example: 


100| \co 


@ 
$ 


Fig. 2 


Take for instance the plate with a = 50 in., b = 20 in., 2h = 
0.1 in., » = 0.3 in., ZH = 30,000,000, and D = £(0.1)8/12(1 — 
0.09). For the elastic supports take the steel tube with a di- 
ameter of 13/, in., a thickness of 0.095 in., a cross-sectional area 
of A = 0.382 sq in., and a moment of inertia 7, = 0.07867 in.‘ 
With these values 


30 X 108 x 0.07867 X 12 X 0.91 
30 X 108 X 0.13 X 20 

K, = A/2hb = 0.3820/0.1 X 20 = 0.1910 

L = 42.95 — (0.1910z2/¢') 

= ixb/a = (n20/50)i = 1.256 i 


If a value of « = 1 is taken, ¢? = 1.256 and L = 42.95 — 
0.12222. From Fig. 2, for values of ZL around 40 and ¢? = 1.256, 
x = 7.25 approximately. Using x = 7.25, a value of L = 36.6 
is obtained, indicating that the value of z is too large. Trying 
again with L = 38, a value of x = 7 is obtained from Fig. 2. 
Checking this value, L = 42.95 — (0.122 X 72) = 38.02, which 
is close enough. Hence, x = 7, ¢? = 1.256, andi = 1 is a solu- 
tion. 


= 42.95 
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If a value of 7 = 2 is taken, ¢? = 
L = 42.95 — (0.1910/6.272)z? = 42.95 — 0.032%. ‘Trying L 
= 41, then x = 6.4. Checking this value, L = 42.95 — (0.03 
X 6.4") = 41.7, which is as close as x can be read from a curve. 

Taking a value of « = 3, then ¢? = 1.256 X 3 = 3.768, and 
L = 42.95 — (0.1910/3.768?)z? = 42.95 — 0.021z%. Trying 
x = 6.3, then from the curve in Fig. 2, z = 6.3. Checking this 
value, L = 42.95 — (0.021 X 6.32) = 42.1. 

Taking a value of i = 4, it is found that xz = 6.9. Larger 
values of 7 give correspondingly larger values of zx. 

The smallest value of zx found is 6.3 corresponding to three 
half waves. Hence 


1.256 X 2 = 2.612, and 


6.3 X 30 X 106 0.01 
01 X 12 X 0.91 X 20 


= 2725 lb per sq in. 


It should be noted that for ¢ = 2 and for i = 3 the corre- 
sponding values of x are very close together. If in any problem 
there are two values of z that are equal and also the lowest, 
there can be no doubt as to the critical load but the number of 
waves into which the plate buckles is uncertain. 

If the curves in Figs. 2 and 4 are compared, it is obvious that 
curves in Fig. 4 give much higher values for the buckling load. 
Therefore, if the plate is free to buckle in either way, it will 
buckle symmetrically with respect to its center line and the 
critical load will be given by Equation [19] and Fig. 2. 


CASE la 


This case, represented in Fig. 3, involves a column with out- 
standing flanges consisting of two similar rectangular plates of 


| 
| 
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constant thickness 2h, a length a, a width b, and joined at right 
angles along their center line. The edges of the plate are sup- 


ported by simple elastic supports. 
Equation [21] is of interest because it leads to the solution of 
another problem. The deflection of the plate, if its edges buckle 


| | 
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in opposite directions, is given by Equation [20] 
w = [C, sinh my + C3 sin my] sin ixz/a 


There is no deflection of the center line since w = 0 when y = 0. 
The bending moment M, in the direction of y, per unit of width 
of the section of the plate is given by® 


O2w O*w 


The bending moment , is also zero along the center line of the 
plate, since M, = 0 when y = 0. 


20 


| 


| 
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Fig. 4 


If two such plates are joined as shown in Fig. 3, each plate 
prevents the other from buckling along the center line and each 
pair of opposite edges must buckle in opposite directions. There- 
fore, when the plates fail, they will do so by rotating about their 
common center line. The critical load is given by Equation [21] 
and by the curves in Figs. 4 and 5. Fig. 5 is a repetition of the 
left edge of Fig. 4 drawn to a larger scale. These curves in 
Figs. 4 and 5 are used exactly as the curves in Fig. 2 were used 
in the example solved in case 1. 


CASE 2 


This case, involving a rectangular plate as shown in Fig. 6, is 
built-in on the edge y = 0, elastically supported on the edge y = b, 
and simply supported on the edges x = Oandz =a. The thick- 
ness of the plate 2h, the length = a, and the width = b. At the 
built-in edge, the plate cannot deflect nor rotate and there is no 


6 “Applied Elasticity,’ by J. Prescott, Longmans, Green & Co., 
London and New York, 1924. Also, ‘‘Applied Elasticity,” by S. Timo- 
shenko and J. M. Lessells, Westinghouse Technical Night School 
Series, Westinghouse Electric & Mfg. Co., East Pittsburgh, Pa. 
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shear in the x-direction. At the elastically supported edge, the 
plate is free to rotate on its support. At the edge z = 0 and 
x = a, there is no lateral deflection nor bending moment. The 
ends of the elastic support and the edges of the plate at x = 0 
and z = a are compressed in the plane of the plate by a uniform 
load o per unit area. 

Proceeding as before, the energy of the system is 


D a b 
2 E + 2(1 — »)w,,? 


2he ke 
w2 fie + - — Aow,*] dz 
D 2/J0 y=b 


The result of setting the first variation to zero is the following 
differential equation and boundary conditions 


+ QW Wyyyy + (2he/D)w,, = 0 [23] 
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v,, t+ vu, = 0,forz = Oorzr =a......... [24] 
w= 0,forzt = =a.............. {25 ] 
@ O fory @ [26] 
+ (2 — = + (Ao/D) 
fory = {29} 


Taking as the solution of Equation [23] 


w = [C, sinh my + C2 cosh my + Cs sin my 
+ Cy cos my] sin [30 | 
Boundary conditions given by Equations [24] and [25] are 


immediately satisfied. Substitution of Equation [30] in Equa- 
tions {26], [27], [28], and [29] gives, respectively 


mC, +0 + +0 =0............ (32 
(m2 — a*y) sinh mbC; + (m,* — a*v) cosh mbC, 
— (m2? + av) sin mebC; — + a*v) cos =0...... [33] 


A 
| {m2 — a2(2—v)m } cosh mb at— sinh A 


+ | a?(2 \ sinh mb (2 at — 


cosh mo | + a2(2 — v)m2}cos + 


< 


sin ma | C3; + | tm + — v)m2!sin mb 


(#2 at — cos me | C, [34] 


Equations [31] to [34], inclusive, constitute four linear homo- 
geneous equations in C,, C2, C;, and Cy. The trivial solution, 
C, = C, = C; = C, = 0 does not represent a buckled plate, since 
this would make w = 0 at all points in the plate. In order 
that one or more of the constants be different from zero, their 
coefficient determinant must be zero. The expansion of this 
determinant is rather long, and the transformation given by 
Equation [18] is long. The result of these two steps is the trans- 
cendental equation 


z* — — »)? 


cos — cosh ¢ Vz + ¢? 


L= 
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The curves in Fig. 7 have been prepared for the solution of 
Equation [35]. As in Figs. 2 and 4, z is the ordinate, ¢? the 
abscissa, and the curves marked 0, 3, 5, etc., are loci of points 
that give equal values of LZ. If there were no elastic support 
at the edge y = b, L would be zero, and L = 0 represents a plate 
simply supported on two opposite edges with one edge built-in 
and one free. The numerical results obtained by use of Fig. 7 
are in good agreement with results obtained by 8S. Timoshenko® 
for this problem. The slight difference is due to the fact that 
Poisson’s ratio here is taken as 0.3 while Timoshenko took it 
equal to 0.25. The upper limit of the curve, L = © represents 
the plate with three edges on simple unyielding supports and 
one edge built-in. The result also checks with the solution ob- 
tained for this example by Dr. Timoshenko. Fig. 7 is 
used exactly as Fig. 2 in the solution of the example 
given in case 1. 


tanh ¢ Vz + V2 + tan ¢ Vz— ¢?] 


+ ¢?[z*(1 — 2») — o*(1 — v)?] tan — tanh Vz + 


7 For editorial convenience this Equation is set in two 
parts with a denominator common to both parts and 


[VW z—¢'tanh o Vr Vz—¢?] 


which is repeated under the second part.—[EpiTor. ] 
“Strength of Materials,”” by Timoshenko, D. Van 
Nostrand Co., New York, N. Y., vol. 2, 1930. 
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Third Moments 


By R. C. YATES,? COLLEGE PARK, MD. 


The author introduces in this paper a third moment as 
a distinct aid in calculating second moments’ (moments 
of inertia) for solids of revolution. It is found that the 
graphical determination is carried out in a manner similar 
to that for second moments. Supplementary remarks 
are made on the first, second, and third associated curves 
in the graphical analysis. 


ITH reference to Fig. 1 let » represent the density of 
the solid formed by rotating a plane area about the line 


XX. If dA is the element of area whose lever arm 


- 


Fie. 1 


is y and @ the angle of rotation, then the element of mass is 
dm = pbydA 
Its moment of inertia about XX is 
dl = y*(p@ydA) 


and accordingly, the total moment of inertia is 


let 
be known as the third moment of the area. 

The following development takes place if the area to be re- 
volved is symmetrical with respect to a line through the center 
of gravity which is parallel to the axis of revolution, such as shown 
in Fig. 2. We have 

J = S(e+Z)%dA 
of dA + 3°fZdA + + 


Now, since for every positive value of ZdA and Z*dA there is 
an equal negative value 


S@dA = = 0 


Furthermore, f/Z*dA = I,, the moment of inertia of the area 
about the gravity axis. Thus 


1 Introduced by the late Prof. R. B. Poague of Virginia Military 
Institute. 

2 Professor of Mathematics, University of Maryland. 

3“A First Course on the 4" and Integral Calculus,”’ by 
W. B. Ford, Henry Holt & Co., New York, N. Y., problem, 12, p. 316. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until August 10, 1936, for publication at a later date. Discussion 
received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


[3] 


The moment of inertia of a torus, Fig. 3, is now calculated to 
illustrate the tremendous saving of labor. The reader should 
compare this with the standard method of integration. The 
moment of inertia 


J = + 3c(xr*/4) 
= mer*(c? + 3r2/4) 
From Equation [1] 
I = p2x*er2(c? + 3r?/4) 


M(c? + 3r?/4) 


where M represents the mass of the torus. 
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The graphical determination of third moments is but an ex- 
tension of the usual method for second moments.‘ With refer- 
ence to Fig. 4, a line ZZ is parallel to and ¢ units distant from 
XX. Let PQ be any chord parallel to XX. Project PQ on ZZ 
obtaining RS. These two points are joined to an arbitrary point 
O on XX, cutting PQ at P:Q;. These are now projected on ZZ 
to give R,S;. Continuing in this fashion, we finally arrive at 
P,Q;. If the chord PQ is allowed to move from bottom to top, 
say, the points P; and Q; trace out what we shall call the “third 
associated curve.’”’ Let its area be denoted by As. If PQ = u, 
P,Q: = w, PQ: = uw, and P;Q; = us, then we have from similar 
triangles 


u/u = ¢/y, = ¢/y, = c/y 
the product of which is 
Now the third moment of the area A is 
SydA = Syudy 
and, by using Equation [4] 
Cfudy = 


J= dA; 


‘ ‘Analytical Mechanics for Engineers,” by F. B. Seely and N. E. 
Ensign, John Wiley and Sons, Inc., New York, N. Y., 1921. 
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Thus To illustrate, let c = 1 and then for the first associated curve 

J = c*A; Ti, Fig. 5 


The area A; may be measured by a planimeter, once the curve is 
obtained. 

It becomes of interest at the present moment to establish the 
transformations that will project a curve by this method into its 
first, second, and third associated curves. This, of course, ap- 
plies to unsymmetrical curves as well as symmetrical ones. 

Let z = f(y) be the given curve whose area is A. There will 
be no loss of generality in selecting the projecting point O as the 
origin of coordinates and the X-axis as the axis of revolution. 
The line y = k intersects the curve in points whose abscissas 
are given by z = f(k). Proceeding we find quite readily 


4 (k/e)xz = (k/e)f(k) 

= (k*/c*)x = (k?/c*)f(k) 

= (k*/c3)x = (k*/c*)f(k) 

as the abscissas of Qi, Qz, Q;, respectively. As the line y = k 


varies, Q;, for example, traces out the third associated curve 
I;, the parametric equations of which are 


z = (k*/c*)f(k) 
y k 


or, in rectangular coordinates 


& & 


~ 
> 


1 = f(y) . 


8 


and 
z= y 
For the second associated curve T:, Fig. 6 


z=1—y = fly) 


and 


— y) 


For the third associated curve T;, Fig. 7 
r= = fly) 
and 


Needless to say, the foregoing illustrations are useless where 
practical considerations are of importance. However, if one 
knows the equation of the bounding curve of a plane area he has 
the choice of integration or graphical analysis in finding moments. 
If the latter be chosen, he may elect to plot the associated curve 
from its equation instead of using the method of projections. 
The transformation given and illustrated here, then, will be of 
service. 
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Impact on Beams 


By H. L. MASON,! ROCHESTER, N. Y. 


This paper deals with transverse impact on beams the 
mass of which is of importance. Experimental results are 
presented for comparison with theory. Impacts which 
appear single to the eye are shown to consist in reality of 
several blows in quick succession. 

Section 1 of the paper traces the historical development 
of this subject by discussing the investigations of Young, 
Hodgkinson, Cox, Saint Venant, and Timoshenko. Section 
2 treats a simplified system in which a concentrated mass 
strikes a smaller concentrated mass having a ‘“‘soft’’ 
spring restraint. For elastic impact, theory predicts for 
the struck mass a path composed of sinusoidal elements 
separated by instantaneous blows. For inelastic impact 
it predicts a joint harmonic motion. Records of the 
paths of both masses were obtained experimentally. 

Section 3 of the paper uses Timoshenko’s method of 
combining local deformation of the contact region with 
lateral vibration of the beam. An experimental investi- 
gation of maximum contact pressure and of blow duration 
gives what is believed to be the first confirmation of this 
theory. 

Section 4 describes an experimental determination of 
flexural stresses in elastic and inelastic impact on a 3-in. 
I-beam by the use of a Westinghouse magnetic strain 
gage. The indication is that stresses may be higher than 
those calculated by the usual approximations. 


1—HisTory or THE BEAM-IMPACT PROBLEM 


HE simple approximation for elastic deflection of a beam 

under a transverse horizontal impact, obtained by equating 

the energy of the striking body to the resilience of the 
beam, may be attributed to Young (1).? 

Extensive experiments were performed by Hodgkinson (2). 
He suspended a ball and allowed it to swing perpendicularly 
against the side of a horizontal beam with supported ends. He 
made allowance for some loss of kinetic energy by using for 
“the mass moved” the sum m, + m/2, where the coefficient was 
deduced from his experimental results, m, = the mass of the 
striking body, and m = the mass of the beam. 

His results were given a theoretical basis by an important 
analytical investigation made by Cox (3) to explain the results 
of a Royal Commission’s experiments (4). He noted that the 
impact might be divided into two stages: (a) A sudden altera- 
tion of velocity at the first instant of collision, and (6) the gradual 
transformation of the resulting kinetic energy into elastic energy 
of the deflected beam. Therefore, he assumed in the first stage 


1 Research Engineer, 
A.S.M.E. 

2? Numbers in parentheses refer to Bibliography at the end of the 
paper. 

Presented at the National Applied Mechanics Meeting, University 
of Michigan, Ann Arbor, Mich., June 18-19, 1935, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

From a dissertation submitted in partial fulfillment of the require- 
ments for the degree of Doctor of Science at the University of 
Michigan. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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that beam ends remained in contact with their supports, while 
other particles took on virtual velocities. These velocities were 
assumed proportional to their displacements in the static elastic 
curve. For a beam struck in the middle, he thus deduced the 
velocity C (common to ball and to the midpoint of the beam) 
at the first instant of collision as 


m 


1 


where u,; = ball velocity just before collision. In the second 
stage he assumed that the ball was always in contact with the 
beam, and hence 


[m, + (17/35) m]C2/2 = 


A complete solution was presented by Saint Venant (5). 
Recognizing the presence of vibratory motion which materially 
influenced the form of the elastie curve, he assumed that at the 
start only a very small element of the beam was affected. Then, 
by assuming that the ball remained in contact with the beam 
for a half-period of vibration, he had the problem of lateral 
vibration of a bar with attached mass. He solved the differential 
equation by the use of normal functions, expressing the deflection 
as a series involving the roots of a transcendental equation. 
He then worked out numerical examples for several cases, plotted 
six component harmonic curves (6) and computed maximum 
beam curvatures by graphical measurement. For a_ useful 
approximation, equivalent to using one term of the series, he 
recommended the principle of virtual velocities. Calculations 
based on the principle were checked against the more complete 
vibratory theory, against Hodgkinson’s (2) experiments and 
against experiments of his own. 

Realizing that local deformation of the contact region was an 
important influence, Timoshenko (7) devised a solution com- 
bining the contact-pressure equation of Hertz (8) with the 
lateral vibration theory. Solving the differential equation of 
forced vibration under a central force varying arbitrarily with 
time, he related beam deflection and local deformation to ball 
displacement. 

With this paper, the author wishes to acknowledge the sugges- 
tions made by Professor Timoshenko during consultations on 
the problem being discussed. 


System 


This section of the paper presents a theory for both elastic 
and inelastic horizontal impact on a system with one degree of 
freedom and describes an experimental investigation of the dis- 
placement-time curves traced by the colliding bodies. 

The terms “impact,” “blow,” and “collision” are loosely 
synonymous, but they will be used throughout this paper with 
the following precise definitions: ‘Collision’’ is the initial con- 
tact of two bodies; it has position in time, but no duration. 
“Blow” is contact with pressure, lasting a very short time; 
it begins with collision and ends as the bodies break contact. 
“Impact” is the composite event which the eye observes readily; 
it frequently consists of several blows in rapid succession, inter- 
spersed with periods in which the bodies separate a minute 
distance. 

A beam subjected to impact generally has a contact-region 
rigidity much greater than its lateral-displacement rigidity. 
This was true also of the ball with spring restraint which was 
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used in the experimental work. It was believed, therefore, that 
when struck elastically by another body (conveniently a ball) 
the duration of contact would be relatively small in comparison 
with the period of the resulting motion, and that as a good 
approximation the blow might be considered instantaneous. 


Fie. 1 Impact on 4 System Having One DEGREE OF 
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Fic. 2 CHRONOGRAPH ReEcorD oF Patus IN Exvastic Impact 


Since the spring force acting on m, shown in Fig. 1, may be 
assumed to be constant and finite during the blow, its impulse 
over an infinitesimal time may be neglected, and the impulse- 
momentum relation becomes simply 


muy + mu = + mv 


where m, = mass of striking body, wu, = velocity of striking body 
as masses collide, », = velocity of striking body as masses sepa- 
rate, and m, u, v apply to struck body; see Fig. 2. Displace- 
ments 2; are for striking body, z for struck body. 

In considering the energy of the system, the work done against 
the spring force during the blow may likewise be neglected. 
The spring itself is considered massless. As is usual for elastic 
impact of free bodies, it is also assumed that no kinetic energy is 
lost in internal vibrations or in permanent deformation. Then 


myu,2/2 + mu?/2 = mw,2/2 + mv?/2 


Under these assumptions, the bodies upon colliding separate 
immediately. Each follows its own path, m moving in a straight 
line (no forces acting) and m in a simple harmonic motion under 
the restraint of the spring. If m: < m, 7 retraces the path by 
which it came, and the impact is over. We are more especially 
interested in the case where m, 2 m. Here m, at first moving 
faster than m, soon slows up, stops, and starts back. Meeting 
m, another blow occurs, again with an alteration of velocities 
so sudden that it may be considered instantaneous. This cycle 
is repeated until m, finally reverses its direction and acquires a 
negative velocity sufficiently large to carry it out of range. 

To express this analytically, suppose time and displacements 
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to be reckoned from the initial collison. Then, 2, = 
xz = (v/p) sin pt, where p? = (k/m) and k = spring force per 
unit deflection. A maximum position z = (v/p) is reached 
when pt = 2/2. A second collision occurs when »,t = (v/p) 
sin pt, and so on. 

Figs. 1 and 3 show the experimental arrangement. The struck 
ball swung in an are, with a radius of 117.2 in., supported from 
its upper pole by a V-loop of music wire. Its motion was re- 
strained by a pair of identical helical springs, one on either side. 
The striking ball was supported by a similar V-loop which served 
to guide its motion. Each ball carried at its lower pole a re- 
cording pen which traced its path on a paper strip moving at 
a rate of 9 in. per sec. 

In making a record, the struck ball was first set to hang 
vertically. The anchor blocks were then adjusted to bring the 
spring axes parallel with the line of swing and to remove any 
spring force. The striking ball was set to have the same radius 
of swing and the same plane of swing as the other. Hanging 
vertically, it just touched the other, and was then pulled back 
through a measured chord of swing. Released after everything 
had become steady, it swung down nearly tangent to the moving 
paper, made the impact, and was caught on the rebound. 


and 


Fie. Tae Test Apparatus FoR OBTAINING HorizontaL Impact 
Wirs One Decree or Freepom 


Typical chronograph records are shown in Fig. 2, with 2 — t 
axes and theoretical curves superposed on them. Multiple 
collisions are clearly evident, occurring more frequently as the 
mass ratio increases. Change in chord of swing is incidental; 
it gives a proportional change in displacements, but does not 
affect periods. All cases show some deviation from perfect 
elasticity, as might be expected. Other inconsistencies are due 
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to slight angular movements, magnified by the distance of the 
pen from the mass center, and (for a 16-lb striker) to surface 
irregularities which prevented direct central impact. 

With inelastic impact of one concentrated mass striking 
(horizontally) another having elastic restraint, a method is 
used which is analogous to that used by Cox (3) for beam impact. 
Assuming that the time required to accomplish maximum com- 
pression of the contact region is very small in comparison with 
the period of the resulting motion, the spring force on m may be 
taken as being constant and finite during the compression, and 
its impulse in the impulse-momentum relation may be neglected. 
This becomes 


mu, = C(m, + m) 


where C is the common velocity at the instant of maximum 
compression. If the bodies are completely inelastic, they 
henceforth move as one throughout the impact. Neglecting 
the mass of the spring, and using the principle of conservation 
of energy, 3(m + m)z? + dkrz = constant. This reduces 
to the simple harmonic motion r = (C/p) pt, where 
p? = k/(m +m). 

The experimental arrangement was similar to that just de- 
scribed. Fig. 4 is a typical chrono- 
graph record, with z — ¢ axes and r 


theoretical curve superposed. In 


sin 


three cases (strikers of 4.04, 6.40, and 
6.97 lb) the impact was rendered 
inelastic by a thin layer of modeling 
clay, and these experiments agreed 
with theory within 2'/, per cent at 
the worst. For a 16.60-lb striker, a 
suspended sheet of lead was used, 
with less consistent results. 


¥03 /b Struc 


690 striser 
win 
3—PrecIsE METHOD 
For dealing with the beam, a vibrat- af 7 
Fic. 4 CHRONOGRAPH 


ing system of many degrees of free- 
dom, the method of Timoshenko, 
permits us to discard the Cox-Saint 
Venant assumption of continuous contact, and enables us to de- 
termine number and duration of blows, as well as contact pres- 
sures, contact deformations, beam deflections, and_striking- 
body velocities and displacements. These quantities depend 
on the boundary surfaces which collide and on the mass ratio 
of the bodies. Unless the striking-body mass is small in com- 
parison with the beam mass, there are several blows. We 
consider here the case of a solid elastic ball striking the mid- 
point of a beam with supported ends. Internal vibration of 
the ball is neglected. 

Displacement of ball centroid minus local flattening equals 
the midpoint deflection (9) of the beam axis, all measured from 
their positions at first contact. All may be expressed in terms 
of a contact pressure P. Thus 


i? xa? yAl Jo I 


1,3,5... 
where the ball has initial velocity v, mass m, modulus £, di- 
ameter D, and the beam has a span /, a mass (yAl/g), a period 
(2l*/wa), and where a = +/(EIg/A). 
Solution is effected by numerical integration, dividing time ¢ 
into short intervals r during each of which P may be taken as 
constant. Then (10) at time nr 


Recorp or PaTHs IN 
INeELASTIC Impact 
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which lends itself to simple arithmetical routine for determina- 
tion of all quantities involved. P,, is assumed and must satisfy 


the equation. Quantity 
1 — 1) 1 
4, = is cos = cos 
i=1,3,5... 


is already available (9). A diagonal table assembles P A products 
for systematic addition. 
Fig. 5 shows the early stages of the impact of a 2-in. steel 
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Fie. 5 Batt DispLACEMENT AND BEAM DEFLECTION IN THE EARLY 
Sraces or Impact on A !/2-IN. X !/2:-IN. STEEL BEAM 


ball at 5.16 in. per see on a '/:-in. X !/.-in. steel beam of 15.3-in. 
span, computed by this method. The initial blow is a doublet, 
broken by an infinitesimal separation. Table 1 lists its pressure 
and duration, and also the maximum deflection (which is attained 
after the beam bounds away from the ball) and the collision 
subsequent to it. A check calculation of less precision (intervals 
2r) gave values within 0.5 to 3 per cent of those listed. 

Figs. 6 and 7 show the experimental arrangement for this case. 
The beam was held against its supports by a stiff spring finger 
acting through a short pin. To measure blow duration, the 
electrical method outlined in Fig. 8 was adopted. Fig. 9 was 
plotted from Fig. 10, an original film. Maximum contact pres- 
sure was also recorded, by utilizing the contact surfaces them- 
selves as a dynamometer. In making an impact test the ball 
was pulled back by a thread attached to the ball center. It 
was fastened against a stop set for a 3-in. chord. When 
everything was still, the thread was burned, allowing the ball 
to swing against the center of the beam which had previously been 
smoked. The oscillograph shutter was tripped by hand just 
before the impact, thus registering the time pattern on the film. 
To prevent a second impact, the ball was caught on rebound. 
Then the ball and beam were removed to the arrangement shown 
diagrammatically in Fig. 11, for calibration of the smoked-surface 
dynamometer. This was accomplished by loading the ball with 
various known weights and lowering it carefully to the beam 
surface adjacent to the spots left by the impact. All spots were 
then measured under a micrometer microscope. 

Results are shown by Table 1. There can be no doubt that 
the impact consisted of repeated blows; and experimental values 
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TABLE 1 IMPACT ON '/:-IN. X 1!/:-IN. BEAM 


Max Duration Max 
pressure, initial deflection, 
Method Ib blow, sec in. 
Timoshenko 53.6 0.00047% 0.0062259 
Experiment 
22B 48 0.00052 
22D 44 0.00053 
Approximations® 
Young (kinetic 0.0072 
energy) 
Cox-St. Venant 0.0062 
(inelastic) 
2 Doublet. 


+’ Assuming simple harmonic motion. 


Time to 


reach max Next blow 


deflection, 
sec 


0.00142 


occurs, 


0.00172 
0.00183 


of maximum pressure and of initial-blow duration agree fairly 
well with theory. There is no experimental evidence that the 
initial blow was a doublet, but since the calculated separation 
was only 0.00003 in., lasting only 0.00006 sec, its nonappearance 
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Fie. 6 APPARATUS FOR IMPACT TESTING OF !/-IN. X !/o-IN. STEEL 


Fie. 7 ScHeMaATIC ARRANGEMENT OF APPARATUS SHOWN IN Fic. 6 
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Fic. 8 Exvecrricat Circuit Usep For MEASURING BLow DuraTIons 
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Fic. 9 Duration PATTERN OF BLOwsS ON A !/2-IN. 1/2-IN. STEEL 
BEAM 


Fic. 10 Duration OsciLLoGRAM OF Impact BLows ON A !/2IN. X 
1/.-IN. STEEL BEAM 
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may readily be explained by slight faults in elastic properties or 
support rigidity. 


4—Srress DetvERMINATION 


This investigation made use of a magnetic strain gage (11) to 
determine the flexural stresses in an I-beam when subjected to 
horizontal impact. The gage was loaned by the Westinghouse 
Electric & Manufacturing Company through the courtesy of 
B. F. Langer. A schematic diagram is shown in Fig. 12. Cores 
C, and C; are rigidly attached to a tubular casing, while armature 
A is attached to a second casing which slides inside the first. 
Relative motion of the two parts changes the reluctance of the 
magnetic paths in C; and C, and hence changes the impedance 
in their coils. These coils together with the resistances R; and 
R; form a Wheatstone bridge. When a high-frequency alter- 
nating potential is applied, the two sides of the bridge circuit 
can be balanced by adjusting potentiometer R\R, so that no 
current flows through the oscillograph element EZ. Then when 
relative motion occurs the circuit is unbalanced and a small 
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Fic. 12) DiaAGRAMMATIC ARRANGEMENT OF STRAIN GAGE AND ELEC- 
TRICAL CIRCUIT FOR DETERMINING FLEXURAL STRESSES IN THE 3-IN 
Stree. I-Beam 


high-frequency current flows through the element. For fasten- 
ing to the specimen, special studs are used. These have a 
spherical-surfaced shoulder which bears in a conical hole in an 
attachment lug integral with each tubular casing. The oscillo- 
graph was of a standard mechanical type, having a natural 
frequency around 3000 cycles per second. One mirror element 
was used to reflect a 60-cycle timing wave. Another element F 
reflected the indicating wave which measured the gage move- 
ment. The latter wave had a frequency of about 690 cycles; 
it gave an instantaneous indication at each peak, i.e., twice per 
cycle. Accordingly, the indicating-wave record is to be read by 
its amplitudes, as a series of points alternately above and below 
a median line. High-frequency power was furnished by a small 
belt-driven generator. The voltage applied to the bridge circuit 
was either 10 vor5v. The former gave some trouble by heating, 
but the latter was entirely satisfactory. 

A 3-in., 7.5-lb I-beam on a 6-ft span, simply supported, was 
chosen for the investigation. Its fundamental natural frequency 
of vibration was computed at 71 cycles, so that the indicating 
wave could be expected to give about 10 points on the stress 
curve resulting from this motion. It was mounted with web 
horizontal, as shown in Figs. 13 and 14. To achieve simply 
supported ends, the supports consisted of half-round steel bars, 
and the beam was held against these by conically pointed pins. 
The beam weight was carried at the supports by the rear flange 
only. The ball hung in a V-loop. To hold it drawn back, a 


wire loop attached to the ball center was slipped over an anchor 
pin. Release was effected simply by levering the loop off the 
pin, and the ball was caught on the rebound to prevent further 
impacts. The gage was attached to the rear surface of the beam, 
with one end 3 in. from the mid-length of the beam, in such a 


=> f 


Fic. 13° SketcH or AppaRATus USED For Impact TEsTs ON A 3-IN. 
I-BEAM 


Fic. 14 Apparatus For Impact Testine oF THE 3-IN. I-BEamM 


way that its mounting studs lay in the plane of the web. The 
off-center position was chosen to avoid localized compressive 
stresses in the vicinity of the point struck. Since at the instant 
of collision, the gage was subjected to a tremendous acceleration, 
applied at its ends, its own inertia force tended to rock it on the 
studs. Therefore special precaution had to be taken to insure 
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the tightness of the stud nuts. Also, it was necessary to make 
certain that the gage was completely warmed up before taking 
readings. Frequent calibrations were made during the tests, 
by transferring the beam to a Riehle transverse-testing machine. 
Indicating-wave amplitude was measured from the oscillograph 
observation screen, and stress computed by S = Mc/I = 7.51 P. 


modeling clay daubed on the struck surface. A thin sheet of 
lead proved quite ineffective as a plastic at the striking velocities 
used here. The resulting records closely resembled elastic 
impacts. 

The records of inelastic impacts with a 224-lb ball at 20.7 in. 
per see show good consistency (Fig. 15 is typical). It is evi- 


Fic. 15 Stress OscILLOGRAM FOR 
Inevastic Impact, Mass Ratio 


Fic. 17 Stress OSscILLOGRAM FOR 
IneLastic Impact, Mass Ratio 


Fig. 18 Stress OsciLLoGRaM FOR 
Evastic Impact, Mass Ratio 


or 5:1 OF 2:3 OF 2:3 


Fic. 16 Srress OscrttoGram ror Exastic Impact, Mass Ratio 
or 5:1 


Whether the stresses were tensile or compressive could be inferred 
from circumstantial evidence. 

Four series of impact-stress records are shown in Figs. 15 to 
18, and are summarized in Table 2. Impacts marked “elastic’’ 
had no special preparation of the striking surfaces. Impacts 
marked “inelastic’’ were made with a thin layer of artists’ 


TABLE 2 IMPACT STRESSES, I-BEAM 


-—— Mass ratio 5:1—. Mass ratio 2:3——-—— 


Max Max Second 
Method stress, Zero stress, Zero collision 
ib per passed, Ib per passed, indicated 
sq 1D sec sq in. sec sec 
Experimenta! , 10000 0 026 11700 9.011 ee 
inelastic....... 9300 0.025 86005 0.011 
98006 0.027 7900 0.012 
/15000% 0.025 16500 0.012 
15000 0.025 164006 0.012 0.008 
Elastic 12000 0.024 15000 0.012 0.006 
cea 0.024 14600 0.013 0.006 
11800 0.025 13100 0 012 0.006 
12900 0 014 0.006 
Approximations 12600 9070 
oung 11950 0.024 6870 0.011 


Cox-St. Venant 


* Assuming simple harmonic motion. 
Oscillogram shown above. 


dent from the first (and major) rise of amplitude that stress was 
changing gradually. It would seem that ball and beam moved 
together, in a motion nearly sinusoidal. That the maximum 
stress is distinctly lower than that given by the approximation 
hypothesis may be due to the fact that the thickness of the 
plastic layer was appreciable in comparison with the deflection 
(ratio about '/,). The stress wave repasses zero at a time con- 
sistent with the approximations. 

For elastic impact, stress oscillogram of which is shown in 
Fig. 16, three of five records give maximum stresses close to the 
approximation values, two are distinctly higher. The curves 
are not smooth, indicating that the beam did not remain in 
contact with the ball, and that stresses did not vary in simple 
fashion. Instead of the single frequency corresponding to the 
beam fundamental, faster variations appear in the stress record 
at frequencies of several hundred cycles per second. However, 
the indicating wave gave readings only at discrete points !/;s« 
sec apart, and it would be sheer accident if it happened to catch 
these higher frequencies at their peaks. On this ground, the 
real maximum may be even higher. The later minor swings un- 
doubtedly represent vibration stresses of the beam after the bal! 
left it on the rebound. 

Figs. 17 and 18 show records using a 28.7-lb ball at 41.7 in 
per sec. Thus the striking velocity is about double, although 
kinetic energy is about half that of the heavier ball, and it is 
probable that the peak pressure in the contact region is higher. 
The inelastic record, Fig. 17, does not show the smooth curve 
which might be expected. It is not certain whether this may be 
attributed to a lack of plasticity at the higher speed of deforma- 
tion, causing nonregular motion of the beam element struck, or 
to rapid stress variations within the 8-in. length spanned by the 
gage. The elastic record, Fig. 18, shows violent stress fluctua- 
tions, with evidence of two collisions. Maximum stress values 
vary considerably, the’ highest being nearly twice that given by 
the Young (elastic) hypothesis, and about 2'/; times that given 
by the Cox-St. Venant (inelastic) hypothesis. Their inconsis- 
tency, comparable to that appearing in the 5/1 elastic records, 
is probably due to the presence of stress frequencies higher 
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than the beam fundamental, which the indicating wave cannot 
record completely. Hence, it is reasonable to expect the higher 
values to be more nearly correct. 

It may be concluded then, that the magnetic strain gage is 
a suitable instrument for the investigation of impact stresses. 
Stress variations occurring at a frequency about one-tenth that 
of the indicating wave are clearly delineated. Regarding the 
values of the peak stresses which occur during impact, the data 
presented are too few to warrant a sweeping statement, but the 
indication is that stresses about double those given by the ap- 
proximation hypotheses may occur. They are of very short 
duration. 
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A Method of Analyzing Creep Data 


By R. G. STURM,! C. DUMONT,” ano F. M. HOWELL,’ NEW KENSINGTON, PA. 


The authors present a method for studying creep data 
which has been in use for the past four years at the Alu- 
minum Research Laboratories. It is shown by graphs 
that a linear relationship exists between the logarithm 
of the creep and the logarithm of the elapsed time for a 
given material at ordinary room temperatures and con- 
stant stress. This is established by the fact that the 
logarithmic curves for a given material at a constant tem- 
perature have a constant slope for a relatively wide range 
of stresses. It is pointed out that the relative effect of 
cold working upon the strength of different metals seems 
to explain the behavior of the metals when failure is im- 
pending, this being indicated by the tendency of the 
logarithmic creep-time curves to depart from straight 
lines. The authors conclude that when homologous 
stresses based on the tensile strength of the material are 
considered, different materials exhibit very similar char- 
acteristics in the relationship between the homologous 
stress and the logarithm of the time necessary for a given 
amount of creep to occur. 


REEP has been defined as the phenomenon of continued 
( deformation of a material under stress. This continued 

deformation or creep is that increase in strain which takes 
place over and above the strain produced by the instantaneous 
application of the stress. Creep may occur in tension, com- 
pression, or shear, and has both advantages and disadvantages. 
Some of the principal disadvantages of creep are that some ma- 
terials will continue to deform under a constant externally applied 
load and will eventually fail at a load appreciably less than the 
nominal ultimate strength of the material. Under other condi- 
tions the possibility of the material failing by creep within any 
reasonable time may be negligible, but because of the service 
requirements the continued increased deformation is not per- 
missible. Some of the advantages of creep are that highly 
localized stresses may be alleviated by virtue of creep; internal 
stresses may also be automatically reduced by creep; and the 
ease with which materials are formed may depend upon their 
creep characteristics. 

It has been pointed out in two papers‘ that a number of factors 
influence the creep characteristics of a material. These factors 
are strain hardening, age hardening (or age softening), tempera- 
ture, and the crystal structure of the material. 

H. J. Tapsell has published a summary‘ of the important work 
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on creep which was done prior to 1931. P. G. MeVetty® has 
presented a method of handling creep data in which he uses 
exponential functions to describe the creep curves. This method 
has some advantages as well as some disadvantages over former 
methods, one of the disadvantages being the inference that after 
a certain period of time the creep-time relationship becomes a 
straight line. 

The authors wish to present here a method which has been 
used for the past four years at the Aluminum Research Labora- 
tories for studying creep data. This study of creep has been 
carried out under the supervision of R. L. Templin, chief engi- 
neer of tests of the Aluminum Company of America. 

Creep data obtained in this study were first plotted to ordinary 
cartesian coordinates. By plotting these data to various scales 
it was discovered that the curves had the same characteristic 
shape, regardless of the scale chosen, i.e., the curves are prac- 
tically vertical near the axis of zero time and curve to the right 
in such a way as to appear to be rapidly approaching a horizontal 
line at the right-hand side of the graph. This is illustrated by 
Fig. 1 which shows a given set of data plotted to time scales of 0.1, 
1, 10, and 100 hr per division. The similarity of the curves re- 
gardless of the scales, suggested a logarithmic relationship 
between creep and time. Therefore, the logarithm of the creep 
was plotted against the logarithm of the time. This plot is 
shown in Fig. 2. Other investigators had observed that the 
relationship between creep and time for certain nonmetallic 
materials such as celluloid? and phenolite® could be expressed 
in a similar manner. 

Before the creep could be determined reliably it was necessary 
to determine the initial instantaneous deformation under load. 
This was done by two methods. First, by a graphical method 
as illustrated by curve A in Fig. 1, i.e., extrapolating the (carte- 
sian coordinates) creep curve to the zero-time axis as indicated 
by X-X, and second, by an analytical method. The analytical 
determination of the initial deformation follows quite readily 
from a consideration of the general mathematical relationships 
between creep and time. 

If a straight-line relationship between the logarithm of the 
creep and the logarithm of the time does exist then we may 
write 


log C — log C, = K logt............... {1] 


or 


where C = the creep at any time ¢t, C; = the actual creep that 
has occurred at the end of a period of time equal to unity, ¢ = 
the elapsed time in any units of time so long as C; corresponds to 
t = 1, and K = the numerical slope of the straight-line plot on 
log-log paper of equal scales. 


¢“The Interpretation of Creep Tests,”’ by P. G. McVetty, Pro- 
ceedings of the American Society for Testing Materials, vol. 34, 
part 2, 1934, p. 105. 

7™“On the Stress-Optical Effect in Transparent Solids Strained 
Beyond the Elastic Limit,’’ by L. N. G. Filon and H. T. Jessop, 
Philosophical Transactions of the Royal Society of London, series 
A, vol. 223, 1923, pp. 89-125. 

8 “Studies in Photoelastic Stress Determination,” by E. E. Weibel, 
Trans. A.S.M.E., vol. 56, 1934, paper APM-56-13, pp. 637-658. 
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OrpDINARY CREEP-TIME CURVES PLOTTED TO VARIOUS SCALES 


(Data obtained from a cantilever-beam creep test of three quarters hard 43S aluminum-alloy sheet subjected to a uniform stress of 16,000 Ib per sq 


in, at room temperature. 


Tensile strength of material: 26,915 lb per sq in. 


Yield strength (set = 0.2 per cent): 25,500 lb per sq in.) 
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Fic. 2. Curves or Fig. 1 PLotrep to LoGariTHmMic CooRDINATES 


This equation may also be written . 


If we represent the accumulated unit deformation by y and the 
instantaneous deformation under load by a, we may write 


C=y—a \ 
(2) 


where a = the initial instantaneous deformation under load, and 
y: = the accumulated unit deformation at the end of one unit 
of elapsed time. This unit of time may be expressed in seconds, 
minutes, hours, or any unit desirable. Then we may write 


y 
which would be the general expression for the accumulated unit 
deformation y and the time ¢. 


The accumulated unit deformation at some arbitrary time 
t, other than unity, may be expressed as y2 in the equation 


log 


log ——— = K log [4] 
and as y; at some other time ¢; as 
(5) 


Now, if the numerical value of ¢; is equal to the square of the 
numerical value of t. we have the relationship 


log ts = 2 log t2 


in which case we may divide Equation [4] by Equation |5] with 
the result that the right-hand side of the resulting equation 
equals one half, from which we find 


—a 
Yi—a 
which may be written as 
2 
a Ys — a 
yi —a 
This equation when solved for a gives 


(yi + ys) — 2ye 


This then determines the initial instantaneous deformation 
under load so that the creep may be expressed as the total def- 
ormation minus this value. 

Curves showing logarithm of the creep thus obtained plotted 
against the logarithm of the time are shown in Figs. 3 to 9, 
inclusive. In these figures are shown the creep curves for hard 
and soft aluminum alloys, hard and soft copper, monel metal, 
and steel determined at ordinary room temperature under two 
different values of constant stress. The data on these curves 
and physical properties of the materials tested are given in 
Table 1. The specimens from which the data were obtained for 
Figs. 1 to 9, inclusive, were tapered cantilever beams loaded so 
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TABLE 1 DATA FOR CREEP-TIME CURVES IN FIGS. 3 TO 14, INCLUSIVE 


Kind of material 


Full hard 2S aluminum sheet 

Annealed 2S aluminum sheet 

17S-T aluminum-alloy sheet 

Hard copper sheet 

Soft copper sheet 

Soft monel-metal sheet 

Blue annealed-steel sheet 

0.188-in. diam electrical con- 
ductor aluminum wire 

0.102-in. diam medium hard 
drawn copper wire 

Aleoa alloy No. 142-T61 
sand-cast test bar 

0.149-in. hard drawn elec- 
— conductor aluminum 


0.0525-in. galvanized extra- 
high-strength steel wire 


Type of test 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 
Uniformly stressed cantilever beam 


Direct tension 
Direct tension 


Direct tension 


Direct tension 


Direct tension 


* These stresses obtained after stabilizing at 600 F for 100 days 
6 Standard methods of tension testing of metallic materials (E8-33), A.8.T.M. 


Re Ned Comme rciall 
Pure Aluminum Sheet 


— 


Annec aled Commercially] 1] 4 
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0 


Elapsea Time, Hours 


Fies. 3, 4, anD 5 


Elapsed Time, 


(Data on curves for Figs. 3 to 14, inclusive, are given in Table 1.) 


— 


meral one 


Hours 


Figs. 6, 7, 8, aND 9 


Creep,inches per Inch 


Maximum stress, 


lb per sq in. 
Curve a Curve 6 
8,000 12,000 
4,000 6,000 
29,300 35,000 
20,000 36,500 
7,300 9,500 


25,000 40,000 

1,900 3,400 
23,500 
188,000 


Tempera- Slo 
ture, F Curvea 
Room 0.31 
Room 0.22 
Room 0.17 
Room 0.21 
Room 0.20 
Room 0.12 
Room 0.11 
Room 0.25 
Room 0.22 

600 0.24 
Room 0.26 
Room 0.11 


Standards, 1933, part 1, p. 949. 


urve b 


© 


Tensile 
strength, —Yield strength>—. 
Ib per (Set = 0.2%), lb 


8q In. per sq in. 
25,610 22,950 
14,125 5,940 
62,120 43,700 
47,930 45,500 
33,200 11,850 
76,180 27,750 
45,490 23,300 
26,100 23,000 
55,400 52,500 

7,470° 3,600¢ 
27,330 22,750 
191,000 173,000 


that the bending stresses were practically constant over the 


length of the specimens. 


In the cantilever-beam tests a careful study was made to de- 
termine the relationship between strain and deflection for the 
various materials used. This study included both theoretical 
analysis and actual strain measurements using Huggenberger 
tensometers with '/;-in. gage lengths. Using charts based on 
this study, the strains corresponding to measured deflections 
were determined and these strains were used in conjunction with 


actual stress-strain curves for the materials. 


If an adjustment 


as mentioned by MacCullough® did take place, the effects must 
have been more or less compensating because the behavior of 
the materials in the cantilever specimens, as determined in this 
manner, was practically identical with the behavior of the same 
materials when stressed in direct tension. 

Direct-tension tests also were made on sheet and wire. Fig. 
10 shows data obtained from direct-tension tests on wires of 


aluminum electrical conductor metal. 


Fig. 11 shows similar 


data for medium hard drawn copper wire. As may be seen 
from these figures, the first readings were obtained in a very 
short time after the load was applied thus giving a relatively 
great range in time during which measurements were made. 
The straight-line relation between log creep and log time is 
remarkably evident in these curves. It is significant that the 
slopes of the log-creep-log-time curves for a given material at 
a given temperature are practically the same for all of the various 
stresses applied in either direct-tension or uniformly stressed 
cantilever-beam tests. 

The general significance of this slope K may be brought out 


by considering the significance of its limiting values. 


If the 


slope of the line approaches zero it signifies that the material 
is very stable and that its deformation under sustained load is 


very slight after the first short period of time. 


If the slope of 


this curve is equal to unity it signifies that the actual creep-time 
relationship plotted to cartesian coordinates is a straight line 
which means that the rate of creep is a constant and that the 
deformation continues at a constant rate. The fact that the 
slopes are practically constant for a given material at a given 
temperature for different stresses suggests that this slope is a 
fundamental property of the material at the temperature con- 
sidered. The value K may be said to be a measure of the po- 
tential increase in creep with time or the “susceptibility” of the 
material to creep after it has started. The value of the slope 
or susceptibility factor K for a given material is affected by cold 
working as may be seen by comparing Figs. 3 and 4. The 


“An 
Bending,” 


ental and Analytical Investigation of Creep in 


paper APM-55-9, pp. 55-60. 


by G. H. MacCullough, Trans. A.S.M.E., vol. 55, 1933, 
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TABLE 2_ THE EFFECT OF COLD WORKING UPON THE CREEP 
SUSCEPTIBILITY FACTOR K FOR SOME NON-HEAT-TREATABLE 
ALUMINUM ALLOYS 


tion Approx chemical composition, % Condition K 
7AS-O 99.95 Al Annealed 0.20 
7AS-H 99.95 Al Cold-rolled 80% 0.26 
28-0 99.0 Al Annealed 0.20 
2S-H 99.0 Al Cold-rolled 80% 0.30 
38-0 1.25 Mn, 98.75 Al Annealed 0.14 
3S-H 1.25 Mn, 98.75 Al Cold-rolled 80% 0.25 
4S8-O 1.25 Mn, 1.0 Mg, 97.75 Al Annealed 0.14 
4S-H 1.25 Mn, 1.0 Mg, 97.75 Al Cold-rolled 80% 0.32 
438-0 5.0 Si, 95.0 Al Annealed 0.22 
43S-H 5.0 Si, 95.0 0.29 


Al Cold-rolled 80% 


0.001: 


nch 


+ 4 

5 | 
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Fig 2 Sand-Cast Aluminum-Alloy 
Tested at 600 F}—+-+4+444+-——J 


100. 1000 


Elapsed Time ,Hours 


Figs. 10, 11, anp 12 


cold-worked material has in this case the greater slope. Table 2 
shows values of susceptibility factors for several non-heat- 
treatable aluminum alloys in the annealed and cold-worked 
conditions. In every case the process of cold working has in- 
creased the susceptibility to creep. 

Table 2 also shows that the susceptibility factor is noticeably 
affected by various changes in composition. This is also illus- 
trated by comparing Fig. 5 with Figs. 3 and 4 from which it 
may be noted that the susceptibility to creep of duraluminum 
is less than for annealed and cold-rolled aluminum. The hard 
and the soft copper have practically the same susceptibility as 
is indicated by a comparison of Figs. 6 and 7. Unfortunately 
the fabrication history for the copper is not known. The 
susceptibility factors for both the soft monel metal and blue 
annealed steel are definitely lower than any of tbe other ma- 
terials shown. 

The graphic significance of the creep C; at unit time, is that 
it locates the parallel lines in their relative positions. The value 
C, has been found to vary with the stress, as well as the other 
factors enumerated here as affecting K. The value of C, is 
also dependent upon the unit of time used. For a given unit 
of time the value of C, may be thought of as indicating the 
initial tendency of a material to creep immediately after it is 
stressed. 


A-65 


If the straight-line relation between the logarithm of creep 
and the logarithm of time is assumed to hold for elapsed times 
very much less than unity, it would follow rationally that ma- 
terials having an appreciable initial tendency to creep as meas- 
ured by Ci, and a relatively low susceptibility to continued 
creep as measured by K, will possess higher specific damping 
capacities than those having about the same initial tendency 
but a higher susceptibility. 

Another significance of the susceptibility factor is that if one 
of two materials has less creep than the other at a relatively 
short time, say 1 hr, but has a greater susceptibility to creep 
than the other, at the end of a relatively long time, say 1000 hr, 
the reverse may be true. For instance, Figs. 3, 6, and 8 reveal 
that at the end of 1 hr and at the end of 1000 hr the values of 


TABLE 3 CREEP AT THE END OF 1 HR AND 1000 HR 
Stress, Ratioof Creepatend Creep at end 
lb per stressto _—_—of 1 hr, of 1000 hr, 
sq in. ten. str. in. per in. in. per in 

Cold-rolled commercially 

pure aluminum........ 8000 0.31 0.000046 0.000380 
eee 20000 0.42 0.000070 0.000290 
memes. 27600 0.36 0.000130 0.000275 


creep are as given in Table 3. Since design stresses in general 
are based upon the tensile properties of a material it seems ad- 
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visable to consider the initial tendency of a material to creep 
for various homologous stresses. Homologous stresses are con- 
strued to mean equal percentages of the tensile strengths of 
the materials being compared. 

Fig. 12 shows creep-test data for an aluminum casting alloy 
at 600 F. These specimens were subjected to constant direct 
tensile stresses. Here again the straight-line relation holds 
until failure is impending. Unfortunately, comparable curves 
of the same alloy at ordinary room temperature have not been 
obtained thus far. It would be of great interest to compare the 
results of other investigators who have studied steels at elevated 
temperatures when these comparisons are made on the basis of 
homologous temperatures, i.e., equal percentages of either the 
absolute melting temperatures or the absolute temperatures of 
recrystallization. 

The phenomena which occur when failure is impending are 
illustrated by Figs. 13 and 14. Fig. 13 shows the results from 
tests of hard drawn aluminum conductor wire which failed after 
sustaining its load for over 1700 hr. It may be noticed that 
the curve departs from the straight line and curves above it 
as failure impends. It has been found that the phenomenon of 
localized necking down becomes apparent at about the same 
time that the creep curve departs appreciably from the straight 
line. This reduces the area and increases the stress but at the 
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same time increases the tensile strength of the material in the 
reduced portions but, it appears, to a lesser degree than the 
increase in stress. 

The results of a similar test on steel wire, plotted in Fig. 14, 
show that the creep curve departs from the straight line and lies 
below it when necking down occurs. In this case the area is 
decreased and the stress increased as before but the tensile 
strength has apparently increased to a greater degree than the 
increase in stress. 


R. L. Templin’® has shown that the increase in tensile strength 
of metals with cold working is a straight-line function up to a 
reduction of approximately 75 or 80 per cent. The tensile 
strength of a cold-worked material is given by the formula 


y = + ca” 


where y = the per cent increase in tensile strength of the ma- 
terial, a = the coefficient of strain hardening, x = the percentage 
reduction in area by cold working, and c and d = the coefficients 
which contribute very little to the tensile strength except for 
extremely high percentages of cold working. It is interesting 
to note that the coefficient a for the material shown in Fig. 13 
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Fic. 15 Homotocous Stress Versus LOGARITHM OF TIME RE- 
QUIRED FOR 0.1 AND 1.0 PER CENT CREEP 


(Test data for these curves were obtained from the following materials: 
(1) Cold-rolled commercially pure aluminum sheet, (2) medium hard drawn 
copper wire, (3) hard copper sheet, (4) cold- rolled commercially pare 
aluminum sheet, (5) medium hard drawn copper wire, (6) hard = 

sheet. Curves i, 2, and 3 are for 0.1 per cent creep. Curves 4, 5, 6 
are for 1.0 per cent creep. Curves 1, 3, 4, and 6 are plotted Teby data 
obtained from cantilever-beam creep tests. Curves 2 and 5 are plotted 

from data obtained from direct-stress tests.) 


is definitely less than 1, and for the material shown in Fig. 14 
it is appreciably greater than 1. 

While the nature of the cold working which Templin’ con- 
sidered was not the same as discussed here, the authors believe 
that the significance of the difference in the creep curves near 
impending failure lies in the relative rate of strain hardening 
of the materials. The curves in Figs. 13 and 14 indicate that 
the effects of the strain-hardening are of the same relative order 
as for rolling or drawing through a die. In the case of Fig. 13, 
the homologous stress is continuously increased as necking down 
progresses, but in the case of Fig. 14 the homologous stress is 
decreased as necking down increases. This would definitely 
explain the difference in behavior of the two metals considered. 
Perhaps different pure metaJs would behave fundamentally the 
same if they were tested at the same homologous stresses and 
at the same homologous temperatures. 


10 “Effects of Cold Working on Physical Properties of Metals,” 
by R. L. Templin, American Institute of Mining and Metallurgical 
Engineers Technical Publication No. 238, class E, Institute of 
Metals, No. 84; September, 1929. 


In Fig. 15, the elapsed time required for 0.1 and 1.0 per cent 
of creep to occur at stresses equal to various percentages of the 
tensile strength has been plotted for three materials, namely, 
cold-rolled commercially pure aluminum sheet, medium hard 
drawn copper wire, and hard copper sheet. The homologous 
stresses are plotted as ordinates to an ordinary linear scale and 
the elapsed time is plotted to a logarithmic scale. In these 
curves, elapsed-time values greater than 1000 hr have been 
estimated by extrapolating the straight lines in the log-creep- 
log-time graphs. The type of plot in Fig. 15 is similar to the 
ordinary S-N curve used to present fatigue data. It is interesting 
to note that there seems to be a definite indication of a limiting 
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Fic. 16 Stress Versus CREEP AT THE END oF VARIOUS PERIODS OF 
Time FoR Harp COMMERCIALLY PURE ALUMINUM SHEET 


stress below which the elapsed time for a given amount of creep 
increases very rapidly. In Fig. 16 the creep at the end of a 
given elapsed time is plotted against homologous stress. This 
type of plot is similar to one used by McVetty* except that the 
values have been obtained from the straight-line log-log plots. 
Here again elapsed time values greater than 1000 hr have been 
obtained by extrapolation. 

Both Figs. 15 and 16 are usable for design purposes to obtain 
quantitative relations between creep, time, and stress. 

In conclusion it may be well to point out several apparently 
fundamental relationships which exist in regard to stress, creep, 
and time. 

1 The existence of a linear relationship between the logarithm 
of the creep and the logarithm of the elapsed time for a given 
material at ordinary room temperatures and constant stress 
has been definitely established. Available test data indicate 
that this relationship probably holds for higher temperatures 
also. 

2 The evidence seems to indicate definitely that the slope of 
the straight lines thus obtained is a constant for a given material 
at a constant temperature for a relatively wide range of stresses. 

3 The relative effect of cold working upon the strength of 
different metals seems to explain the behavior of these metals 
when failure is impending as indicated by the tendency of the 
log-creep-log-time curve to depart from a straight line. 

4 It may be concluded further that when homologous stresses 
based on the tensile strength of the material are considered, 
different materials exhibit very similar characteristics in the 
relationship between the homologous stress and the logarithm 
of the time which is necessary for a given amount of creep to 
occur. 

5 If a straight-line relationship between the logarithm of the 
creep and the logarithm of the elapsed time is established, a 
direct indication of the inherent damping capacity of the ma- 
terials is obtained from creep data. 
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Review of Research in Strength 
of Materials 


By F. L. EVERETT,? ano J. L. MAULBETSCH,’? ANN ARBOR, MICH. 


URING recent years there has been a modern trend to- 
ip the study of the physics of materials in an effort to 

explain their strengths. This was made the subject of 
discussion at the International Conference on Physics at London 
(1)‘ in which were treated the atomic and molecular structure of 
single crystals and the relatively low strength of actual crystals 
based upon theoretical considerations. Several papers discussed 
the known Griffith theory of strength of brittle materials 
and the effect of surface discontinuities such as cracks and 
scratches on the strength of brittle specimens subjected to ten- 
sion. 

In the work of Jurkow (2) the mechanical strength of very 
small fibers of brittle substances was shown to approach the theo- 
retical values according to the Griffith theory, particularly if the 
surface discontinuities were chemically removed. A paper by 
Bragg (3) and another by Jeffreys (4) have been devoted to this 
question. 

FATIGUE 

The work in fatigue represents the most extended results in the 
field of strength of materials and we will discuss it under several 
subheadings. 

Single Crystals. The outstanding contribution of Gough (5) 
has acquainted enginecrs with the importance of studying single 
crystals for the fundamental laws governing failure. A represen- 
tative list of related references has been provided. The recent 
book by Elam (6) and another by Schmid and Boas (7) sum- 
marize the information on single crystals up to the present time. 

Hysteresis. Early controversies on fatigue of metals involved 
the hysteresis characteristics. Although no definite practical 
conclusions have been forthcoming, the two present papers (8, 
9) represent a serious attempt to clarify the apparent relationship 
between internal damping and fatigue. O. Féppl has pioneered 
this work and a new paper of his will appear soon (10). 

Combined Stresses. Most problems arising in the design of 
machine parts require a knowledge of the properties of materials 
subjected to a combination of the elementary actions of direct 
loading and twist. The criterion of failure of a machine part 
subjected to various types of fluctuating loading is not yet known. 
At the National Physical Laboratory of England, tests made on 
specimens simultaneously subjected to bending and torsion (11, 
12) show that in the case of ductile materials the theory of maxi- 
mum strain energy of distortion gives a good criterion and that 
for brittle materials the results are intermediate between the 
theories of maximum stress and of maximum shear. An estima- 
tion of the safe range of stress may be obtained, however, by 
knowing the endurance limit separately in tension and in torsion. 
Hohenemser and Prager (13) have tested specimens submitted 
to pulsating torsional stresses and to a static tensile stress. They 
show that. the static stress does not greatly affect the endurance 
limit. Practical difficulties in conducting these experiments 


1 Submitted as a report of the A.S.M.E. Applied Mechanics Di- 
vision’s Subcommittee on Strength of Materials. 

2 Instructor in Engineering Mechanics, University of Michigan. 

’ Research Engineer, Timken Roller Bearing Company, Junior 
A.S.M.E. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


have prevented sufficient accumulation of information. In spite 
of this three additional researches have been reported (14, 15, 16). 

Theories of Strength and Working Stresses. To establish a ra- 
tional working stress has always been a difficult problem for the 
designer due to the necessity for combining the many factors of 
scientific statistics with judgment based upon personal experi- 
ence. The article by Soderberg (17) has assisted in organizing 
our current knowledge in this matter. 

Based upon the too meager data, it has been necessary to for- 
mulate various theories of strength by interpolation to account 
for all the possible combinatious of stress. Until now no one 
theory has been conclusively demonstrated to be applicable to 
all conditions of stresses and types of materials. 

Stress Concentration, Sensitivity, and Size Effect. A great 
amount of work has been produced to determine the influence of 
the size and shape of the specimen upon the fatigue properties of 
a large variety of metals. Regarding the severity of the various 
factors upon lowering the strength in fatigue, it appears at the 
present time that the tests on large-size specimens having holes 
or other irregularities are more nearly in agreement with theo- 
retiacl and photoelastic results, whereas the strength of small 
specimens is actually appreciably higher than would be expected. 
Such bending tests were made by Peterson and Wahl (18, 19) and 
Faulhaber (20) and torsion tests by Mailander and Bauersfeld 
(21). The sensitivity of ductile materials to peak stresses is 
little affected under static loadings. In fatigue, however, the 
sensitivity of materials to notches varies considerably and was 
investigated in detail by Thum and Buchmann (22) and was the 
subject of a paper by Peterson (23). Lehr and Mailinder 
(24) made such tests on large-size specimens. 

More tests such as those of the former experimenters are neces- 
sary on nonferrous metals as well as on the ferrous metals. If 
we find the cause of sensitivity we have to determine the behavior 
of different types of materials. McAdam and Clyne (25) say 
the notch sensitivity is probably due to both hardening capacity 
andtodamping. The effect of varying the proportions of notches 
to the diameter of specimen deserves more study. 

Corrosion. Various research programs have been conducted 
to study the effect of different mediums upon the fatigue prop- 
erties. Gough and Sopwith (26) found that specimens tested in 
a partial vacuum showed higher fatigue ve'ues and suggested 
that oxygen with the humidity in the air was probably the pri- 
mary corrosive factor. 

In tests made in this country at the Bureau of Standards (25) 
the effect of notches produced chemically before a fatigue test 
compare with notches produced mechanically. 

Jiinger (27) made a series of experiments on carbon and Cr-Va 
alloy steels under the action of fresh and of salt water to find the 
latter to have especially detrimental effect. The fresh water, 
itself, reduced the fatigue strength more than 50 per cent. Simi- 
lar conclusions were reached by Behrens (28) and Frankenberg 
(29). Additional contributions to the study of corrosion ef- 
fects have appeared in the literature (30, 31). 

Cavitation. Work in the field of cavitation (pitting) is being 
done at present in the Holtwood Laboratory of the Pennsylvania 
Water and Power Company and at the Escher Wyss Laboratory 
in Ziirich, Switzerland (32). 
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Surface Rolling and Shrink Fit and Nitriding. Surface rolling 
of fatigue specimens has been found to lead to an appreciable in- 
crease in fatigue strength, especially in the presence of severe 
stress concentration and in the case of corrosion fatigue. The 
possibilities of this method of improving the fatigue properties 
have been proved by the research work in Germany of Féppl and 
his students (33, 34, 35) at the Wohler Institute at Braunschweig 
and by Thum and his students at Darmstadt. Thum has re- 
viewed his work in a paper published in July, 1935 (36). The 
controversy that originated between Féppl and Thum (37) as to 
whether the increase in fatigue strength due to surface rolling 
was caused by residual stresses or by cold working has not yet 
been settled. In a recent paper Thum and Bautz (38) conclude 
from tests made with hollow specimens that residual stresses are 
responsible for most of the increase in strength found in fatigue 
under bending stresses while the cold working of the material 
produces the whole increase in the case of fatigue in torsion. Un- 
fortunately, all of the work done in Germany was conducted 
with small specimens never larger than 0.5 in. in diameter. 

In this country surface rolling has been investigated by Peter- 
son and Wahl (39) at the Westinghouse Laboratories and by 
Horger (40) at the University of Michigan. On 2-in. diameter 
carbon-steel specimens without stress concentration, an in- 
crease in fatigue strength of 25 per cent was found by Horger 
who also gives data for the practical application of the rolling 
process. Peterson working with large specimens, confirmed tests 
made by Thum and Wiinderlich (41) on small specimens and 
shows in the case of press fits that surface rolling of the press- 
fit seat may increase the strength of the assembly by at least 
100 per cent. Buckwalter (42) shows the detrimental effect of 
press fits in tests with 2-in. diameter specimens. 

Some suggestions have been made regarding the possibility of 
improving the surface against fatigue by carburizing and nitrid- 
ing (43). Surface improvement was discussed in the colloquium 
held in Germany in 1934 (44). 

Wire. It is desirable to test wires as manufactured, that is, 
specimens may not be obtained with enlarged ends for gripping 
purposes without disturbing the manufacturing process and in- 
troducing new variables. 

Fatigue machines for tests in bending of wire were developed 
in England at the National Physical Laboratory (11). The 
specimen is a slender column which is rotated, producing maxi- 
mum stresses midway between the ends. Haigh (45) also de- 
veloped this method of testing wire by independent investiga- 
tions. The Bureau of Standards uses a very long specimen and 
relies upon the weight of the wire to produce the high stresses 
at the middle portion. Short specimens have been used by Wei- 
bel (46) in bending and torsion and Friedmann (47) in bending. 
Surface rolling at the gripped ends was used, thereby preventing 
failures at these points. In Weibel’s paper (46) is also found a 
historical review of the subject and a complete bibliography. 
Now that fatigue machines and methods have been developed, 
practical results should be forthcoming. 

Wear and Abrasion. From experiments in rolling friction (48) 
it was found that pitting was largely dependent upon the vis- 
cosity of the grease. Pitting was not observed when greases 
were used which had a certain minimum viscosity. The harder 
the roll and the better the polish, the more the formation of the 
pits was hindered. 

Rolling Abrasion. A considerable research in the effect of 
rolling abrasion was undertaken at the University of Illinois (49) 
to study the particular problems of the formation of fissures in 
railroad rails. Failures originated both at the contact surfaces 
and underneath the surface. 

Design and Improvements. In parallel with the growing accu- 
mulation of fatigue data, an important recent development has 
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been the assembly of the information into useful form for the 
practicing designer. Previously the fatigue data had merely 
been ignored by designers because of the difficulty of obtaining in- 
formation disseminated throughout the technical literature. The 
book by Lehr (50) devotes a discussion to the stress distributions 
in elementary form occurring in machine parts. The five 
V.D.I. special sheets (51) have provided information in graphical 
form on a group of commercially important materials regarding 
their fatigue properties under combinations of steady and vari- 
able stresses. Recently a series of four design-data sheets have 
appeared in the JouRNAL or AppLigep MEcHANICs (52, 53, 54, 
55) covering a range of subjects of interest to designers. 

In England the paper by MacGregor, Burn, and Bacon (56) 
dealing with practical cases in the design of machine parts sub- 
jected to fatigue has furnished designers a very useful reference. 
The bibliography and discussions are an important addition to 
this paper. 

Residual Stresses. Little is known about the combined effects 
of residual stresses and fatigue. The principal work has been 
done at Dortmund (57, 58, 59, 60, 61, 62) in which the residual 
stresses were introduced by quenching. Initial compressive 
stresses at the boundary surface increase the fatigue limit in 
bending by as much as 20 per cent (63) whereas residual stresses 
in tension at the outside decrease the fatigue properties up to 15 
per cent. The conclusion is that the effect is relatively small in 
either case compared with the effect that might be expected on 
the basis of high residual stresses which were up to the yield point 
of the material. The explanation is that plastic flow occurs dur- 
ing the fatigue test which partially releases the residual stresses. 

Welding. Investigations of welded joints have been carried 
out in many laboratories. The report on welding studies made 
in four German laboratories (64) has appeared recently as well as 
a review of English work (65). The work has dealt with both 
static and fatigue conditions. The German tests in fatigue 
showed that a gradual change of section from the bar into the 
welded portion improves the fatigue properties. For example, 
a diamond-shaped butt-strap is more satisfactory than the usua! 
rectangular-shaped butt-strap. 


MeETALs AT Low TEMPERATURES 


Until recently, information on the mechanical properties of 
materials at low temperatures was almost entirely lacking. In 
the experiments of Schwinning (66) he showed that the static 
ultimate strength, fatigue strength and impact values of notched 
bars of a group of metals were almost consistently higher as the 
temperature decreased to -— 200C. Tests were also made by Gru- 
schka (67) in static tension. A series of fatigue tests conducted 
at the University of Illinois (68) showed an increase in the en- 
durance limit in reversed bending when the temperature was 
lowered from 80 F to — 50 F. The speed of reversals was 12,000 
rpm. 


Impact 


A comprehensive review is made in the booklet by Davidenkov 
(in Russian) (69) of the comparative investigation of ten different 
types of notched specimens in determining impact strength. It 
was concluded that the German specimen No. 4 VDM in which « 
45-deg-notch specimen is supported at both sides was the most 
satisfactory. Very interesting experiments of a cylinder under 
impact loading by Davidenkov and Mirolubow (70) show that 
under impact considerable sliding occurs on a single plane at- 
tended by sufficient heat to cause annealing which offsets the 
strain hardening. At the instant following the impact blow, 
when sliding ceases, the thin layer which has been plastically 
affected is suddenly quenched by the mass of metal on either side, 
producing a very hard sorbitic structure. 
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The work of Southwell (71) on impact is of particular interest. 
New Pustications 


Of considerable importance to engineers is the service rendered 
by the Zentrablatte fiir Mechanik (72) in its monthly review of 
the current literature which appears in the German, French, and 
English language in the various branches of applied mechanics. 
Recently a Russian periodical has appeared under the name of 
Technical Physics of the U.S.S.R. (73), written in the English 
and German languages. A collection of papers is presented 
mainly on subjects of crystalline structure and strength. 

The book by Timoshenko and MacCullough (74) serves pri- 
marily as a textbook and contains up-to-date information on 
strength of materials, including a discussion of the mechanical 
properties of materials. The references are of importance to 
those who are interested in making a further search. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on Strength of Materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Stress and Deflection of Rectangular Plates 


By I. A. WOJTASZAK,' ANN ARBOR, MICH. 


HIS article presents data on stresses and deflections of 

rectangular plates for several types of loading and edge 

conditions. In all cases considered it was assumed that 
the rectangular plate has a uniform thickness which is small in 
comparison with the other dimensions of the plate and that the 
deflection of the plate is not greater than about one half the 
thickness of the plate. Poisson’s ratio was taken equal to 0.3. 


NOvTATION 


The following notation (see Fig. 1) is used: 


a = length of plate in the z direction, in. 
b = length of plate in the y direction, in. 
h = thickness of the plate, in. 
p = intensity of the lateral load on the plate, lb per sq in. 
E = Young’s modulus, lb per sq in. 
56 = maximum deflection of the plate, in. 
o = maximum stress in the plate, lb per sq in. 
4 
b 
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The cases of loading of rectangular plates which are considered 
here are shown in Fig. 2. The maximum deflection of the plate 
is given by the formula 


5 = a pat/Eh’ 
or 
5 = a’ pbt/Eh' 


where a and a’ are numerical factors depending on the magnitude 


1 University of Michigan. 


of a/b and may be taken from the curves? of Figs. 3 and 5.?_ It 
should be noted that the subscripts of a and a’ identify the cases 
of loading and edge conditions represented in Fig. 2. 

The maximum stress in the plate, with the exception of case 3, 
Fig. 2, is given by the formulas 


o 


8B pa? /h? 


or 


= 8’ pb*/h? 
where 8 and 8’ are numerical factors which may be found from 
the curves‘ of Figs. 4 and 6. Here also the subscripts of 8 and 
8’ refer to the number of the case of loading which is considered 
(see Fig. 2). 

The maximum stress in the plate for case 3 is given by the 
formula 


Bspa,b,/h? 


where a, and 6; are the dimensions in the z and y directions, 
respectively, of the uniformly loaded portion of the plate (see 
Fig. 2). Values of 8; for b = a, b = 1.4a and b = 2a may be 
taken from the curves of Figs. 7, 8, and 9, respectively. 


NUMERICAL EXAMPLE 


It is required to find the maximum deflection and maximum 
stress in a rectangular plate simply supported along its four 
edges and with a uniformly distributed load intensity p = 6 lb 
per sq in. over the entire surface of the plate, if the dimensions 
of the plate and Young’s modulus are a = 36 in., b = 50 in., 
h = '/, in., and E = 30 X 106 lb per sq in. 

The loading and edge conditions correspond to those of case 1. 
Therefore for b/a = 50/36 = 1.389 we find from curves of Figs. 
3 and 4 


aa a, = 0.076 and #, = 0.45, respectively. 


2 The data used in plotting these curves were taken from ‘‘Elastic 
Thin Plates,’’ by B. G. Galerkin, Leningrad, 1933, and ‘‘Theory of 
Structures of Ships’ by J. Boobnoff, St. Petersburg, 1914. For a 
discussion of the theory of thin rectangular plates, the reader is 
referred to ‘‘Elastische Platten,’”’ by A. Nadai, Julius Springer, 
Berlin, 1925; .“‘The Mathematical Theory of Elasticity,’ by A. E. 
H. Love, Cambridge University Press, London, 1927; “Strength of 
Materials,’’ part 2, by S. Timoshenko, D. Van Nostrand Co., New 
York, 1930; and ‘‘Theory of Elastic Stability,’’ by S. Timoshenko, 
McGraw-Hill Co., New York, N. Y., 1936. 

3 Some curves in Fig. 5 consist of portions of two curves. 
the curves shown with full lines should be used. 

‘Certain curves in Figs. 6, 7, and 8 are composed of portions of 
- das more curves. Only the curves shown with full lines should 
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From the data given we find that the maximum deflection is 


0.076 X 6 X 364 
30 X X (1/2) 


4 


= ay 0.204 in. 
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and the maximum stress is 


Se” = 14,000 Ib per sq in. 


CASE 1 Uniformly distributed load over entire 
rface simply supported along 
ges 


su. 
a// four e 


CASE § Uniformly distributed load over entire surface 
Plate clamped along two page edges and 
simply supported a/ong the other two 
4 


in 


Ah , h 


b>a a>b 
4 
Smo, BRS 
2 b2 


CASE 2 Hydrostatic pressure over entire surface of 
Plate, simply supported along a// four edges 


| 
b>a 
2 


CASE 6 Uniformly distributed load over entire surface 


of plate clamped along one edge and simp/ 
superted olay the other three’ 
/b/sq in 
MG ----------- -a-- 
b>a a>b bt 
a 
6 =a FS 
a2 


CASE 3 Uniformly distributed load over shaded portion 
of plate, simply supported along a// four edges 


Ly 

a,b 
2. 

2; ----- -a----- 

2 2 


CASE 7 Uniformly distributed: load over entire surface 
of plate, simply supported along three edges 
and free along the fourth. 


Jn. 
A 


CASE 4 Uniformly distributed load over entire surface 
of plate clamped along a// four edges 


Ib/sq <n. 


CASE 8 Hydrostatic pressure over entire surface of 
plate, simply supported along three edges 
and free along the fourth 


ose 


Free 
edge- 
8 Eh? 


FiG.2 


= 
h? ("/2)? 
/bfsq in. 
edg 4 
4 2 
1 pb* - Pb* 
Y 
4 Fh? h2 
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Effect of Surface Rolling on the 
Fatigue Strength of Steel’ 


R. E. Pererson? anp A. M. Want.’ The possibility of surface 
rolling large shafts or axles in order to improve the fatigue 
strength of the press-fitted portions is one which in certain ap- 
plications can be of considerable practical importance. In order 
to demonstrate the feasibility of rolling large shafts and axles, 
some experiments were conducted on the surface rolling of shafts 
with diameters as large as 7!/; in. Fig. 1 of this discussion 
shows the experimental apparatus in position on a 7'/¢in. 
axle-steel shaft with a wheel seat. This apparatus, the operation 
of which is similar to that of equipment previously described,‘ 


Fic. 1 Test or 7!/4-In. SHAFT 


consists essentially of two welded channels which support four 
rollers. Each of the rollers has a diameter of 6 in. and a trans- 
verse radius of 3 in. Loads are applied to the rollers by means 
of coiled springs, the compression of the springs being a measure 
of the load. These springs can be seen in Fig. 1 of this discus- 
sion. Transverse movements of the roller are obtained by 
means of a lathe carriage. 

Large shafts, after being rolled with this apparatus, showed a 
good surface finish, and when checked by careful micrometer 
measurements they showed no evidence of having become wavy 
or out-of-round. The tests proved that it is entirely feasible to 
roll off the edge of a raised pad or wheel seat provided the 
transition radius is made somewhat larger than the transverse 
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radius of the roller. The required rolling loads were determined 
by the method of calculation developed by 8. Way. 

It was found during these tests that when rolling off the edge 
of a wheel seat, it was necessary to use a very heavy oil to avoid 
pitting at the edge of the seat. An oil with a Saybolt viscosity of 
1165 sec at 210 F gave satisfactory results. It was also found 
that in rolling the straight portions of the shafts that too high 
a roller pressure would produce pitting or flaking of the shaft 
surface if an oil of medium viscosity, such as one with a Saybolt 
viscosity of 125 see at 210 F, were used. Pitting was apt to occur 
when this oil was used if the calculated compressive stress were 
over 600,000 Ib per sq in. 

In determining the roller loads required to give the necessary 
increase in fatigue strength, it was felt that these should be such 
as to give a depth of penetration of the cold-worked region equal 
to the same fraction of the shaft diameter as obtained in the 
fatigue tests! (on small specimens), by means of which a satis- 
factory strengthening effect was found. In order to be sure 
that the hardness penetration was of the proper amount, 
slices were cut out of the rolled 3!/,-in. and 7!/,-in. shafts per- 
pendicular to the axis. The plane surfaces of the slices were 
then machined by taking light cuts to avoid disturbances due to 
the cold-working effect of heavy machining cuts. Vickers- 
hardness readings were taken along a radius on the plane sur- 
faces of these cuts, and the results were plotted against depth of 
hardness penetration below the surface as shown in Figs. 2 and 
3 of this discussion for the 3!/,-in. and 7'!/,-in. shafts, respectively. 
Two specimens of the 7'/,-in. shaft were tested. Since the 
calculated depth of penetration in the fatigue tests‘ was one 
sixteenth of the shaft diameter, which would correspond to 
penetration depths of 0.2 in. and 0.45 in. for the 3'/;-in. and 
7'/,-in. shafts, respectively, the roller loads were chosen so as 
to give these values. Referring to Figs. 2 and 3 of this discus- 
sion, it may be seen in Fig. 2 that the curve for the 3'/,-in. shaft 
breaks sharply at a penetration of approximately 0.25 in. and 
in Fig. 3 the curve for the 7'/,-in. shaft breaks sharply at a pene- 
tration of approximately 0.5 in. These values of 0.25 in. and 
0.5 in. compare with the computed values of 0.2 in. and 0.45 in., 
indicating that the method of determining the load is satis- 
factory. 

It might also be mentioned that several 5-in. shafts of heat- 
treated Ni-Mo steel have been rolled and are now in service in 
oil-well applications under conditions which were too severe for 
conventional shafts, and where, because of space limitations, 
increase of shaft diameter was not possible. 


A. L. Davis.* In order to complete the record of the interest- 
ing results reported in this paper,' the writer suggests that the 
author give the following information: 

1 State the amount of diametrical reduction produced by the 
various surface-rolling operations reported. 

2 With reference to Fig. 16 of the paper, orient the specimen 
so that the relation of fiber direction to the surface of the speci- 
men may be known. 

3 With reference to Table 2 of the paper, explain the higher 
reduction of area on the 0.30-in. specimens (after heat-treatment) 
as compared with that of the 0.75-in. specimens. This relation 
is surprising in view of the higher Brinell hardness and superior 
yield point. Possibly grain size or microstructure are known to 
the author and will throw light on the question. 


5 Discussion by S. Way of ‘‘Fatigue of Shafts at Fitted Members 
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1935, pp. A-69-71. 

6 Research Engineer, Scovill Manufacturing Company, Waterbury, 
Conn. Mem. A.S.M.E. 


AutTHor’s CLOSURE 


It is interesting to learn from the discussion of Mr. Peterson 
and Mr. Wahl that they have made practical application of the 
surface-rolling process to obtain increased fatigue strength of 
axles. Through cooperation with several railroads the Timken 
Roller Bearing Company has also applied surface rolling to loco- 
motive driver axles at the wheel and bearing seats which were 
developing fatigue fractures in service. In one case 10*/¢in. 
diameter axles were rolled at 25,000 lb pressure per roller. Three 
rollers, 10 in. in diameter with a 5-in. contour radius, were used. 
Very good surface finish was obtained and the wheel tonnage was 
within specification requirements. It is too early to determine 
increased mileage which may be obtained from these rolled axles. 

It is believed that a correlation of such data as shown in Fig. 18 
by the author with Herbert pendulum hardness measurements on 
the rolled surface would give considerable valuable data as to the 
proper rolling pressures to be used for various materials. 

Mr. Peterson and Mr. Wahl feel that the depth of the cold 
working due to the rolling process should be the same fraction of 
the shaft diameter as obtained in the fatigue tests of small speci- 
mens.”’ This assumes geometrical similarity and in this respect 
the fatigue data in the literature show that in the presence of 
stress concentration due to shape the fatigue strength decreases 
with increasing specimen diameter. Therefore in order to obtain 
equal fatigue strength of two different axle diameters it would 
seem necessary to use a rolling pressure higher than the calcu- 
lated value on the larger axle to overcome the “‘size effect.”’ 

When rolling is used to obtain increased fatigue strength 
of press-fitted as:emblies where stress concentration due to 
shape is combined with corrosion fatigue, it would seem that the 
rolling pressure may be less than the calculated. It appears as 
though the weakening effect due to rubbing corrosion between 
the fitted members and the axle is of a surface nature. There- 
fore it would not seem necessary to use rolling pressures produc- 
ing constant ratio of penetration to axle diameter on various 
axle sizes. This question of rolling pressure may be determined 
only by further fatigue tests. 

It would be interesting to see the hardness curves for the un- 
rolled specimens shown in Figs. 2 and 3 by Mr. Peterson and Mr. 
Wahl. The calculated depth of penetration due to rolling is 
based on the yield-point strength in shear. If the steel is not of 
uniform hardness in the region of the depth of penetration then 
this shearing strength changes throughout the cross section, and 
unless properly considered, the calculated depth of penetration 
will not agree with the actual as obtained by hardness tests. 

In reply to Mr. Davis’ questions the following is submitted: 

(1) The amount of diametrical reduction produced by surface 
rolling depends partly upon the surface finish previous to rolling. 
These test specimens were all polished with 000 emery cloth be- 
fore rolling. On the 0.3-in. diameter specimens the reduction in 
diameter due to rolling was 0.0001 in. to 0.0003 in.; the change 
on the 1-in. and 2-in. specimens was also very small and inasmuch 
as the test section was tapered it became difficult to measure 
this small change without resorting to refined measurements. 
On 2-in. axles having a smooth-filed finish it was found that 600 
Ib rolling pressure gave 0.0003 in. reduction in diameter; 1200 
lb gave 0.0006 in.; and 2400 Ib gave 0.001 in. In the case of the 
10*/,-in. axles cited in the first part of this discussion, the axle 
was previously ground and the 25,000-lb rolling pressure did not 
change the diameter by more than 0.001 in. 

(2) The crystals are shown elongated in the circumferential 
direction of the specimen. 

(3) No explanation can be offered to the variation in reduction 
in area unless it could be explained by the previous history of the 
steel. The various diameters of test specimens were not of the 


same heat and the inherent grain size was unknown. 
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Book Reviews 


Hydraulics 


WASSERBAULICHE STROMUNGSLEHRE. By Paul Nemenyi, Techni- 
sche Hochschule, Berlin. Johann Ambrosius Barth, Leipzig, 1933. 
Cloth, 7 * 10 in., viii and 275 pp., 324 figs., 29.80 rm. 


REVIEWED BY A. T. [pPEN! 


‘Tis book represents an enlarged edition of contributions 

of the author and of Drs. Safranez and Weinig to volume 5 
of the ‘Handbuch der Physikalischen und Technischen Me- 
chanik” (1931). It can be highly recommended for use as a 
handbook of modern fluid mechanics for the civil and hydraulic 
engineer and also as a textbook for those familiar with the fun- 
damentals of hydromechanics as presented, for instance, by 
Prandtl-Tietjens. Throughout the book the author has en- 
deavored to develop the problems of hydraulics on a modern 
analytical and rational basis. Empirical conceptions are only 
accepted if they are not in contradiction with this type of reason- 
ing. Extensive derivations are omitted. A wealth of information 
is to be found on all fields of hydraulic experimentation, with 
beautiful illustrations. Much of this was available to the author 
from unpublished sources. 

The book treats in six chapters the entire field of hydraulics 
pertaining to the sphere of civil engineering. The material is 
clearly arranged according to the boundary conditions of the 
problem in question. In the general part a clear discussion is 
given of the laws of similarity and of turbulence. This is followed 
by the flow in closed conduits and pipes, open channels with 
stationary beds, channels with bed-load movement and suspended 
material, ground-water movement, and finally the free jet of 
water. In an extensive appendix, measurement of flow and 
laboratory methods and technique are discussed. Complete 
references are given throughout the text, which represent prob- 
ably a complete survey of the European advancement in the 
science of hydraulics. 

The fusion of modern analytical, experimental and practical 
conceptions, in a manner which the practical engineer can follow, 
justifies amply the publication of this book. 


Aerodynamic Theory 


ABRODYNAMIC THEORY. By William Frederick Durand, editor-in- 
chief. Vol. 4. Divisions J-M. Julius Springer, Berlin, 1935. 
Cloth, 6 X 9 in., xvi plus 434 pp., 321 figs. Special price only 
until publication of the last volume, 18.75 rm. 


REVIEWED By J. C. HUNSAKER? 


HIS fourth volume of the series of six volumes on Aero- 

dynamic Theory, provided for by the Guggenheim Fund, 
carries out the evident intent of the general editor, Dr. W. F. 
Durand, by applying the aerodynamic theory of perfect fluids 
established in volume 2 and the aerodynamics of real fluids of 
volume 3 to the practical problems of airplane design. The 
present work has been divided between Professor Betz of Gét- 
tingen, who treats the wings, Professor Wieselsberger, who ex- 
amines the drag of the body and other parasite resistances, the 
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late Mr. Glauert of Farnborough, who develops a compre- 
hensive theory and practical method of design for propellers, 
and Mr. Koning of Amsterdam, who examines the influence of 
the propeller on the airplane structure. 

These four authors, between them, cover the entire field of the 
aerodynamics of the airplane in so far as concerns the determina- 
tion of its aerodynamic characteristics. It is understood that the 
dynamics and performance of airplanes with known character- 
istics will be treated in volume 5 and other aircraft in volume 6. 

For the mechanical engineer, not engaged in airplane design, 
but concerned with problems of fluid mechanics generally, this 
volume on applied theory may appear, from this summary of 
its content, to be designed for the aeronautical specialist and, 
therefore not of interest to him. Such a view would be a fair one 
except for Glauert’s splendid treatise on the propeller, including 
the fan and the windmill. Of the 430 pages of text, nearly half 
is taken up by Glauert’s propeller work. This is the most valu- 
able portion of this or any other volume of the series, as it is 
unique, comprehensive, and complete in itself. Glauert evi- 
dently set himself the task of reducing to an orderly and logical 
presentation, the enormous and confusing literature of screws, 
involving diverse theories of operation and masses of uncor- 
related experience. Out of this he has produced a clear picture 
of propeller action and a rational method of using experimental 
data within a framework of rigidly established theoretical 
relations. The clarity of the exposition and the discrimination 
with which the applications are selected gives this work a beauty 
and elegance which must make it the classic on the subject. 

When it is recalled that Mr. Glauert was killed by a distant 
blasting experiment, of which he was not even a spectator, one 
is impressed by the cruelty of blind chance, but it was also chance 
that permitted the manuscript of this section of ‘Aerodynamic 
Theory” to be completed before August 4, 1934. It was evidently 
the author’s intention to complete and harmonize the existing 
state of propeller theory. For such a worker to be stricken at the 
apex of his productivity implies a great loss to aeronautical 
science. 

The momentum theory of propellers was initiated by Rankine 
in 1865 and extended by R. E. Froude, who introduced the 
representation of the propeller by a disk at which there is a sud- 
den increase of pressure without discontinuity of velocity. It 
still furnishes means for estimating ideal efficiency. From this 
theory was deduced the increased axial velocity through the 
propeller disk, but it originally ignored the rotation imparted 
to the slip stream. Joukowski and Betz extended the theory 
to include the effect of such rotation. Glauert develops ‘he 
momentum theory, following the historical steps in its per- 
fection, to the point where one may compute the maximum. 
efficiency of any propeller under given or assumed conditions { 
operation. The given conditions must be the engine torque and 
revolutions, the speed of advance, the drag coefficient of the 
blade section used, the “solidity” or ratio of blade area to disk 
area, and the permitted diameter. The momentum theory gives 
no clue to the shape of propeller to be used. It gives only the 
highest efficiency which can be obtained under any such set of 
conditions, but this is very useful information when considering 
the merits of a number of blades, best diameter, gear ratio to 
engine, etc. 

The momentum theory determines thrust and torque from the 
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axial and rotational momentum imparted to the slip stream and 
locates the losses of energy involved but it does not tell how to 
design a propeller to obtain this result. The alternative approach 
is to determine the force on the blade from a knowledge of its 
relative motion through the air. W. Froude suggested this in 
1878, but the ‘“‘blade-element theory” was not of interest until 
Drzewiecki developed it in detail between 1885 and 1920. This 
theory assumed the force on a blade could be obtained by graphi- 
cal integratiOn of the forces on blade elements, each of which 
acted like a little wing moving through the air in a spiral path. 
Wind-tunnel tests of wings of similar profile were used to obtain 
coefficients for propeller design. Two serious defects in the theory 
had to be repaired. First, the relative velocity of the blade ele- 
ment was affected by an unknown inflow velocity and, second, 
the aspect ratio to use for the wind-tunnel wing models was un- 
known. Betz (1915) and de Bothezat (1918) introduced the 
inflow velocity from the momentum theory, and Fage (1917) 
allowed for an empirical fraction of it. The result was a high 
degree of empiricism and confusion underlying the theory, re- 
quiring special propeller tests to determine ‘constants’ for use 
in design. 

Glauert shows how the blade-element theory of Drzewiecki 
is correct in general structure but could only be used in an em- 
pirical form until the Prandtl vortex theory of airfoils was ap- 
plied to it. He generously refers to the work of Betz, Pistolesi, 
and others in perfecting the vortex theory of the propeller, but 
the practical method of design was Glauert’s own contribution 
to the art (1922). 

The vortex theory is based on the conception that the lift on 
a blade is directly related to the circulation around it. Trailing 
vortices spring from the blades and pass down the slip-stream in 
the form of helical vortex sheets. The velocity experienced by the 
blades is influenced by the induced velocity of this vortex system. 
Glauert shows that the force on a blade element is derived from 
the vortex system associated with airfoil characteristics cor- 
responding to infinite aspect ratio. This Jatter cause of uncer- 
tainty in the original blade-element theory is thus removed. 
It is further shown, as a result of simplifying assumptions, that 
the interference velocity caused by the vortex system is identi- 
cal with the velocity determined by the general momentum 
theory. Thus, the other cause of uncertainty in the blade- 
element theory is removed. We now have a coordinated theory 
of propeller action harmonizing both the momentum and the 
blade-element. theories. 

Glauert calls the comprehensive theory ‘““The Vortex Theory” 
and proceeds to apply it to practical propeller design with dis- 
cussion of the principal problems that arise; such as, distribu- 
tion of thrust along the blade, number of blades, tip losses, body 

_and wing interference, apparent thrust, drag, and efficiency, 
model experiments, scale effect, compressibility effect. The 
final chapters deal with the propeller as a helicopter and as a fan 
or windmill and show the generality of the vortex theory in its 
application. 

This reviewer was less interested in the other three portions 
of the book. That by Betz on “Applied Airfoil Theory” is well 
done, but is essentially a review and analysis of experimental 
tests, model and full scale, in the light of basic theory. Exten- 
sive references are given to the original sources of data. In the 
discussion of the properties of wings an illuminating description 
is given of the réle of flow separation in causing departure from 
theory; illuminating, that is, in its exposure of the weakness of 
the present state of airfoil theory to account for maximum lift 
and profile drag. It is to be regretted that the manuscript was 
completed before the use of wing flaps by practical designers 
became the vogue. Betz lists as devices to obtain higher lift 
only slots, suction of boundary layer, and the rotating cylinder. 
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It appears that the practical art is again in advance of theory 
and is presenting the theorist with more “new” phenomena to be 
explained. Yet flaps were used on seaplanes more than fifteen 
years ago, but were not very useful, possibly because of the 
low-powered machines of that day. 

Wieselsberger’s section on drag is a short summary of experi- 
mental data on coefficients for various objects with some 
discussion of scale effect and interference. The theory in- 
volved is covered elsewhere and there is, moreover, very little 
theory to account for drag. Drag is the result of separation and 
turbulence, for which an adequate theory is yet to be evolved. 

The final section of the book by Koning is on the influence of 
the propeller on the aerodynamic behavior of airplane parts, 
especially the wings. This is essentially a theoretical attempt to 
estimate the effect of an idealized slip stream in altering the 
flow pattern over an airfoil in an ideal fluid. The practical con- 
sequences may be important for control and stability and for 
interference drag but the theoretical approach is not convincing. 
The effect of propeller slip stream is of known practical conse- 
quence in modern four-engine airplanes where the maximum lift 
is improved to a substantial degree by the propeller blast. Here 
we again encounter the riddle of flow separation and are in need 
of a working theory. 

Koning’s section does not provide a satisfactory method for 
the airplane designer to find mutual interference of airplane and 
propeller. Empirical data are contained in Weick’s “Aircraft 
Propeller Design” so that the propeller sections of ‘Aerodynamic 
Theory” can be regarded as supplementing rather than replacing 
existing propeller books. 


Fans 


Fans. By Theodore Baumeister, Jr., Assistant Professor of Mechani- 
cal Engineering, Columbia University; Consulting Mechanical 
Engineer, Stevens & Wood, Inc. First edition. McGraw-Hill 
Book Company, Inc., New York, 1935. Cloth, 5*/4 X 9 in., xi 
plus 236 pp. and index, 78 figs., $3.50. 


REVIEWED By A. L. 


‘THs is the first comprehensive up-to-date book on fans and 
their applications which has appeared in some time, and we 
are indebted to Professor Baumeister for preparing it. 

It gives a general picture of the important types of fans in 
use and how to make a selection for a given application, together 
with an outline of essentials of theory and design. 

The broad scope of the book makes it impossible to go far into 
details and still keep within its 236 pages. The author, however, 
has correlated design information and evaluated the more im- 
portant features with good perspective. The careful reader will 
obtain an excellent foundation to extend his studies further 
should he wish to do so. 

The first three chapters, including nearly half of the book, 
give a survey of available types of fans and how to select them. 

The first chapter is well illustrated with photographs of com- 
mercial fans. The second chapter gives definitions of head, 
power, efficiency, and a presentation of various relations between 
capacity, power, head, fluid density and temperature as depend- 
ent upon speed and size for similar fans. The third chapter shows 
how to make use of these laws in fan applications. 

The remaining three chapters of the book cover theory and 
design, fluid flow, and fan testing. 

The underlying theory is presented in sufficient detail to show 
the basis of fan performance without refinements. 

Chapter five takes up the laws of fluid flow and how to use 
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them in the calculation of pressure drop through any air-flow 
circuit, a subject of great importance which must be masicred by 
one who has much to do with fan application. 

The author has covered this field with considerable care, in- 
cluding the resistance of various kinds of orifices, duct expansions, 
contractions, elbows, etc., together with information on surface 
friction in ducts. 

It is apparent, however, that there is still opportunity for 
simplification and coordination for the best use of such material 
in design. For example, considerable care is required in apply- 
ing a particular discharge coefficient to the cross-sectional area 
for which it is rightly intended, although as the author states 
it is usually the smallest one which is referred to. Again, pressure 
drops are sometimes expressed in terms of a discharge coefficient 
and sometimes directly as a friction factor. 

The writer’s present view is that all static-pressure drops should 
be expressed in terms of constants analogous to the non- 
dimensional constant of fluid-flow friction. A little consideration 
will show that there is a parallelism between such coefficients 
and the lift-and-drag coefficients of aerodynamics; i.e., they are 
nondimensional constant multipliers of a velocity head. 

It would be of value to present the detailed calculations of the 
static drop for a specific orifice and duct system as an example. 

The final chapter on fan testing has practical value, but it 
must be kept in mind that fan standards are still in a state of 
flux. 


A Source Book in Physics 


A Source Book tn Parysics. By William Francis Magie, Professor 
Emeritus of Physics, Princeton University. First edition. Mc- 
Graw-Hill Book Company, Inc. New York and London, 1935. 
Cloth, 53/4 X 9 in., xiv and 620 pp., 111 figs., $5. 


REVIEWED BY GEORGE B. Pecram* 


Wer that has read poetry has not valued and rejoiced in the 

Oxford Book of Verse and other such anthologies. Pro- 
fessor Magie has given us a corresponding volume for the litera- 
ture of physics and its discoveries, something not previously 
available. It presents quotations of selected passages, from the 
original publications, relating to the most significant discoveries 
by physicists from Galileo to Madame Curie. More exactly, 
as explained in the preface, Professor Magie has tried to set 
forth the development through three centuries of what we now 
call classical physics, up to the year 1900, which year marked 
the initiation of the quantum physics by Planck. Few living 
physicists, only E. H. Hall, J. J. Thomson, and J. Perrin, are 
included, and definitely mathematical papers on physics are 
omitted. The natural desire of the reader is anticipated by a 
concise biography of each author quoted. Newton has a page of 
biography, many others only a short paragraph. It may be in- 
ferred from this, and from the general tone of the volume, that 
there is no story about Newton and the apple, nor of Galileo’s 
dropping stones from Pisa’s leaning tower. 

The authors speak for themselves, shrewdly, sometimes 
naively, but in almost every passage there is an appeal and a 
persuasiveness that our condensed textbook treatments almost 
always lack. For example Poinsot’s original treatment of 
“Forces and Couples,” covering three pages, is far more attrac- 
tive than the usual paraphrases in texts on statics; they are too 
formal to admit of such a comment as that of Poinsot: “We only 
just touch upon this central axis, it gives us so luminous a reduc- 
tion of all the forces of the system as to throw a light at the 
same time upon all the other equivalent reductions, and to 
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group them, so to speak, into a single picture in which we see at 
once order and mutual dependence.” We read about Robert 
Hooke and his theory of springs, first propounded in an anagram 
“Ceiiinosssttuu” with his encouraging remark, “Now as the 
theory is very short, so the way of trying it is very easie.” The 
most familiar names in physics are represented and some not so 
familiar, e.g., DuFay and Nollet; more than a hundred names 
altogether. 

Professor Magie tried to make selections that ‘would be of 
interest to a student whose knowledge of physics had been ac- 
quired from textbooks. It is certain that this volume can be 
used to great advantage to supplement textbooks and to arouse 
in students a true sense of how physics has made its growth. 
While not designed as a textbook itself, in at least one university 
this book is already used as the basis of a very lively course in 
the history of physics. 

“‘A Source Book in Physics’ follows “A Source Book in As- 
tronomy” by Shapley and Howarth and “A Source Book in 
Mathematics” by David Eugene Smith, as the third volume of 
this very useful series, which has the endorsement of the American 
Association for the Advancement of Science and a number of 
other national scientific societies, and has been assisted financially 
by the Carnegie Corporation. 

Like the volume for mathematics, this volume has the selec- 
tions grouped by subjects and within the subject approximately 
chronologically. Naturally some names appear in more than 
one section. ‘Mechanics’ has 67 pages, “Properties of Matter’ 
45, “Sound” 19, “Light” 139, “Heat” 121, while “Magnetism 
and Electricity,” including X rays and radioactivity, has 226 
pages. Faraday, with 41 pages, occupies the most space, with 
Newton and Galileo following. One receives the impression 
that the selections have been made with good judgment and 
without prejudices. In “Mechanics” and “Properties of Matter” 
there are represented Galileo, Stevinus, Huygens, Newton, 
Varignon, Descartes, Leibnitz, d’Alembert, Young, Lagrange, 
Poinsot, Torricelli, Pascal, von Guericke, Boyle, Mariotte, 
Hooke, Coulomb, Cavendish, and Ampére. The exclusion of 
mathematical papers has perhaps affected “Mechanics” more 
than other sections. 

In cases where published good translations were available, 
they were used, with references given. In other cases the transla- 
tions were made by Professor Magie. No attempt has been 
made to modernize terminology in the translations, indeed to 
have done so would have been to distort scientific history, for 
the steps of progress had to be made in spite of inadequate and 
sometimes confused terminology. 

Any one interested in physical science can find pleasure in this 
book. It is sure to be widely used by teachers and students 
of physics, who will feel thankful to Professor Magie and to the 
general editor of the series, Dr. Gregory D. Walcott, for making 
this collection of papers readily available. This book will 
last. 


Steam Turbines 


GRUNDZUGE DER BERECHNUNG UND DES BAUES VON DAMPFTURBINEN. 
By Dr.-Ing. Ernst Oehler. Verlag und Druck von B. G. Teubner, 
1935, Leipzig. Cloth 91/4 x 6!/,in., vi and 112 pp., 105 figs., 
5.40 rm. 


REVIEWED BY C. RiIcHARD SODERBERG® 


‘THs little book of 112 pages is intended to serve as an intro- 
duction to the subject of steam turbines for students, and 
for engineers of other specialties who wish to obtain a simple 


5 Manager, Turbine Division, Westinghouse Electric and Manufac- 
turing Company, South Philadelphia, Pa. 
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résumé of the subject specialties. It can honestly be said to 
serve this purpose rather well, as far as the selection of topics is 
concerned. 

The review of the fundamentals, although of necessity brief, is 
to the point, and gives a fairly complete exposition of the stand- 
ard thermodynamical phases of the subject. The more intricate 
aspects of the flow problems in turbines are not covered, perhaps 
as a matter of necessity due to lack of space. This omission is 
apt to give the uninitiated a false idea of simplification, however, 
and a brief mention of boundary-layer theory, circulation theory, 
and similar matters may well have been included. 

On page 84, under the subject of shafts, the strength calculation 
is based upon a modification of the maximum-strain theory. 
While this method still lingers in unrevised editions of certain 
handbooks, there seems to be little excuse for its retention in a 
treatise intended to give the young student a perspective of the 
problems involved. The subject of critical speeds suffers in a 
similar manner from uncritical reference to stereotyped an- 
tiquities. 


The Rise of Modern Physics 


Tue Rise or Mopern Puysics. By Henry Crew, Professor Emeritus 
of Physics in Northwestern University. The Williams & Wilkins 
Company, Baltimore, 1935 (second edition). Cloth, 5 X 
in., 434 pp., 17 figs., and 16 plates, $4. 


REVIEWED By Mayo D. Hersey® 


ERE is a book that will undoubtedly interest a great many 

engineers, although written primarily for the undergraduate 
just entering upon the study of advanced physics. To get the 
most entertainment or solid value out of the book in a minimum 
time, the reader might skim rapidly over the first 104 pages and 
begin more diligently with Chapter 5, “The Birth of Modern 
Physics.” 

This event in the narrative is attributed to Galileo, Huygens, 
and Newton; which reminds us to explain that the book is mostly 
concerned with classical physics, rather than with the atomistic 
and imaginary kind to which the term “modern”’ is now so often 
applied. In his effort to justify the title we think the author, 
in the preface to his second edition, successfully wriggles out 
through a pretty small hole. Recent physics is introduced to- 
ward the end of the chapter on spectroscopy, which appeals to 
us as the author’s most earnest and skillful chapter, and one that 
beautifully unravels the mystery of why the physicists are so 
much concerned about spectral lines and spectral series. 

The relativity chapter is a bit disappointing due to the obvious 
compression of a long story into a short space, with a consequent 
use of oversimplified derivations. These seem to demand that the 
observer on the train shall be possessed of only a small fraction of 
the intelligence attributed to the reader; and the symbols are 
required to do a kind of double duty, appearing first in equations 
deduced from elementary mechanics and then being applied 
quick as a wink to some totally different set of physical situations. 

We should like to have seen some account given of the high- 
pressure experiments by P. W. Bridgman, with a glimpse into the 
new science of rheology. Another similar criticism is that the 
photographs are so good we ought to have more of them; espe- 
cially attractive and informal are the portraits of Max Planck, and 
the late H. Kamerlingh Onnes in his laboratory at Leyden. In 
short, we want more of the same, and hope the third edition runs 
into two volumes. 

The book is crammed with human interest. Thus, p. 106, 
“Galileo . .. was born in Pisa in the same year with Shakespeare, 


6 Division of Engineering, Brown University, Providence, R. I. 
Mem. A.S.M.E. 
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at a time when Florence was the center of art, Rome the center 
of Catholicism, and Padua the center of science; when, in fact, 
Italy was the land of ‘sweetness and light.’” Again, p. 255, after 
noting the execution of Ampére’s father in the French Revolution, 
“The lad of eighteen, after whom the International Congress 
of Electricians at Paris in 1881, named the unit of electric current, 
was so heart-broken by this terrible event that he found no relief 
during his remaining years, save that which came from work, 
with perhaps the exception of the few years of bliss which came 
into his life with Julie Carron, the lovely girl who became his 
wife in 1799... In 1809, the year of Lincoln’s birth, Ampére 
received appointment as professor of mathematics in the Ecole 
Polytechnique.” 

Chapter headings following the historical treatment of me- 
chanics are: The Foundation of Modern Optics; Pioneers in 
Electricity and Magnetism; The Nature of Heat; The Discrete 
Nature of Matter; From Volta to Oersted; Electromagnetism; 
The Origin of Modern Electrical Units; The Inertia of Elec- 
tricity; The Rise of Modern Spectroscopy; Restricted Rela- 
tivity. There is an excellent bibliography, concluding with “A 
Few Books on Recent Physics.” 

Professor Crew’s book is a serious contribution toward sanity 
and the concrete in physies; not just another attempt to popular- 
ize the latest views on the constitution of matter. It could hardly 
have appeared at a better time than the present, when applied 
physics and engineering research are both rapidly advancing, 
so that there is every need for engineers and physicists to under- 
stand each other. 


Strength of Rotating Disks 


By Dr. Ing. 
Paper, 6'/2 9!/2in., 


FESTIGKEITSBERECHNUNG ROTIERENDER SCHEIBEN. 
I. Malkin, Julius Springer, Berlin, 1935. 
iv and 100 pp., 3 tables, 32 figs., 10 rm. 


REVIEWED BY JOHN L. MAULBETSCH’ 


\W ITH the increase in size of modern steam turbines, the 

problem of stresses in rotating disks is assuming great im- 
portance. Disks of large diameters rotating at high speeds result 
in large inertia forces that have to be carefully considered by 
designers. 

The determination of the stresses due to these inertia forces is 
the subject of Dr. Malkin’s book. The author keeps within the 
limits set up in the preface and introduction, and gives a com- 
prehensive up-to-date account of the problem of strength of 
rotating disks, keeping primarily in mind applications to steam- 
turbine design but without going into the subject of thermal 
stresses or stresses due to vibrations. 

Dr. Malkin has collected every known method available for 
the computation of rotating disks. Each method is ably intro- 
duced, and described so as to give a clear conception of the sub- 
ject. 

In the first three chapters the author derives the differential 
equation of the problem and then gives in detail the older methods 
of solutions. These solutions are found also in Stodola’s work 
on steam turbines, but the author is more explicit and gives 
examples that should simplify the work of designers in setting up 
a rational method of computation. 

In chapter 4 Honegger’s treatment of conical disks, which ap- 
peared in Zeitschrift fiir angewandte Mathematik und Mechanik 
in 1927, is given with tables to facilitate computations. In 
chapter 5 Dr. Malkin’s own solutions for disks with exponential 
profiles are found. His solutions, which were published in the 
Transactions of The American Society of Mechanical Engineers 


? Research Engineer, Timken Roller Bearing Company, Canton, 
Ohio. Jun. A.S.M.E. 
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in 1934, have many advantages not offered by any of the earlier 
methods. A great variety of profiles may be calculated without 
necessitating lengthy computations, thus permitting a rapid 
determination of stresses in disks of different designs. 

The final chapter is devoted to short discussions of stresses in 
the hub and at the rim, and stress conditions under varying 
speeds. 

A complete list of references is given in footnotes but there is 
no bibliography. 

The subject was purposely limited to a treatment of math- 
ematical methods available for computation of stresses, but no 
reasons are given for choosing such a narrow scope. A treatment 
of vibrations of disks and of thermal] stresses would seem adequate 
to complete a book devoted to this particular problem in machine 
design. Examples of applications to disks used in fields other 
than steam-turbine design would certainly have broadened the 
usefulness of this book, and examples of failures and dangerous 
practices in disk designs could only add to its value. 

In spite of the limited field treated, this book is to be recom- 
mended to engineers interested in standardizing their computa- 
tions of rotating disks. 


Diesel Engines 


ZWEITAKTDIESELMASCHINEN KLEINERER UND MITTLERER LEISTUNG. 
By J. Zeman, V.D.I., Technischen Hochscule, Wien. Julius 
Springer, Wien, 1935. Cloth, 91/2 X 6'/«in., xi and 245 pp., 240 
figs., 20 rm. 


REVIEWED BY Epwarp S. DENNISON® 


THs book deals capably with its subject, within the limits 

to which the author has confined his attention. Actually 
its scope is somewhat narrower than the title implies. Small 
two-cycle Diesels of high specific output, such as Junkers and 
Michel, do not come within its purview. All examples quoted 
are in the category of small industrial or marine engines. In 
this field, the author’s knowledge is evidently founded upon 
extended personal contact and observation, and the value of the 
book gains accordingly. 

The first part, somewhat less than half the total, deals with 
theory. In this section the author has fortunately avoided a 
trite repetition of subject matter which may be found in any of 
the larger works. He has, bowever, given a working basis for 
dealing with the special problems met in two-cycle engine design. 
The principal topic discussed is naturally the scavenging process 
—the supply of air, relative merits of different port arrangements, 


8 The Electric Boat Company, Groton, Conn. 


calculation of port dimensions, proportioning of manifolds. 
There are additional chapters on selection of the compression 
ratio, and on combustion. 

Zeman stresses the advantage of so-called “loop” scavenging 
over “cross” scavenging. The best-known example of the former 
is that in which exhaust ports are disposed above the scavenging 
ports, both occupying the same side of the cylinder. Fortunately, 
other schemes can be used which produce at least an equivalent 
result, and which do not entail the same structural difficulties. 
Zeman quotes test results of a much simplified loop system, 
effecting a power increase of 15 per cent as compared to the more 
common cross- or diametral-flow system. Recent departures 
such as this have virtually overcome one supposed disadvantage 
of the two-cycle engine, namely, a low mean effective pressure as 
compared to the four cycle. 

Useful methods are given for cylinder-port computations, in 
such form that they may be easily applied. This section is 
based on the work of Ringwald (Zeit. V.D.J., 1923), and hence 
is subject to a limitation which is worthy of notice. Ringwald’s 
exhaust-release analysis assumed a constant cylinder volume, 
ignoring expansion due to piston motion. The approximation is 
permissible in most cases, but has proved unreliable when exhaust- 
port height is 30 per cent of stroke or more. Actually smaller 
dimensions can be used than those so calculated. One conse- 
quence is to emphasize Zeman’s conclusion that running speeds 
can be raised substantially above present-day levels. 

There follows a series of chapters on details of construction, 
which present a great amount of information not easily available 
elsewhere. Most published descriptive matter deals with the 
practices of a few principal builders. Here an interesting variety 
is offered, based on the products of manufacturers who as a rule 
are hardly known at all in this country. 

The chapter on blowers describes reciprocating and vane types 
at length, but dismisses the Roots type with a few sentences. 
The author expresses a preference for the vane types, yet his 
description of them resolves itself into a catalogue of their 
limitations—restriction of speed, poor efficiency, lubrication 
troubles, and mechanical complication. The effect of all this is 
to confirm the current practice in this country, namely, the use 
of comparatively high-speed Roots-type blowers which aside 
from noise have no outstanding defects. 

Descriptions of complete engines include several of the 
crankease scavenged variety. These hardy survivors, in spite 
of all efforts at improvement, scarcely exceed 45 brake mean- 
pressure rating. In spite of an attractive simplicity, this principle 
seems unfitted to meet present-day needs. 

The book has a distinctive value as a reference, since its topics 
are for the most part outside the scope of more general texts. 
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Analysis of Plate Examples by Difference 


Methods and the Superposition Principle 


By D. L. HOLL,'! AMES, IOWA 


In this paper the author applies the membrane analogs 
of H. Marcus? to some elementary cases of thin homo- 
geneous isotropic square plates having central-point loads 
and various boundary conditions. The analogy is made 
possible by two theorems: (@) The deflection of a mem- 
brane loaded with loads proportional to those on a given 
plate may be considered as the sum of the principal mo- 
ments of the actual plate. (0) A second membrane may 
be loaded with elastic weights proportional to these mo- 
ment sums and, subject to appropriate boundary condi- 
tions, the deflections of the latter membrane will be pro- 
portional to the deflections of the actual plate under the 
given loading system. 


INTRODUCTION 


T IS assumed that the plates are of homogeneous isotropic 
material and have a uniform thickness h which is small in 
comparison with the lateral dimensions of the plate. An- 

other limitation imposed is that the deflections are considered as 
quite small relative to the thickness of the plate and that no 
stretching of the middle surface is taken into account. The rec- 
tangular-coordinate system lies in the middle plane of the unde- 
flected plate and the origin is at the geometrical center. In each 
case the various figures will indicate the dimensions, the loading 
system, the boundary conditions, the coordinate directions, and 
some graphical results indicating the internal action of the plate. 

The notation, essentially the same as used by A. Nddai? and 
M. Westergaard,* is as follows: 


x, y = horizontal rectangular coordinates 


w = vertical deflection of middle plane 
h = thickness of the plate 
E = modulus of elasticity 
v = Poisson’s ratio of the material 
Eh’ 
——— = measure of plate stiffness 
12(1 — v?) 
P = concentrated load, considered uniformly dis- 
tributed over a finite region 
V,, V, = vertical shears per unit of width 


M,, M,, M,, = bending and twisting moments 


R,, R, = reactions per unit of width along an edge 

! Professor of Mathematics, Iowa State College. 

2 **Die Theorie Elastischer Gewebe und ihre Anwendung auf die 
Berechnung biegsamer Platten,’’ by H. Marcus, Julius Springer, Ber- 
lin, Germany, second edition, 1932. 

Platten,’’ by A. Nadai, Julius Springer, Berlin, Ger- 
many, 1925. 

‘Computation of Stresses in Bridge Slabs Due to Wheel Loads,”’ 
by H. M. Westergaard, Public Roads, vol. 11, 1930, pp. 1-23. 

Presented at the Annual Meeting of THe AMERICAN SocretTy oF 
MECHANICAL ENGINEERS held in New York, N. Y., December 2 to 6, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until November 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


The principle of superposition of deflection surfaces or 
equivalent stress systems is utilized in this paper both by 
difference and differential methods. The problems 
treated are (1) a square plate with pinned or simply sup- 
ported edges, (2) two opposite edges pinned and the other 
two free, (3) two opposite edges pinned and the other two 
clamped, (4) all four edges clamped, (5) all four edges free 
with only corner post supports. The correct critical 
stress at the center of the lower surface of the plate was 
obtained from special thick-plate theory for a particular 
thickness-to-span ratio. The effect of this critical stress 
on the whole plate action is depicted for various boundary 
conditions. 


V.”",V," = replacement shears per unit of width along 
an edge 
corner loads 


The usual limitations indicated permit the deflection surface 
w(x, y) of the middle plane of the plate to be a solution of the 
differential equation 
or! 


Otw 


Ox? oy? 


= = y)/N..[1] 


Vip = 


where p(z, y) is the normally applied load. Other relations are 


M, —Nw — }; 
Ox? oy? 


2 2 | 
oy? Ox? 
V,= N V, =—N (V2w); 
ew | 
a 
= — (M V,” = — (M,,); 
=z oy ( or ( | 
P, = 2(M,,) corner 
3 
oz! dy? | 
oy? oyoa? | | 


Noting Equation [2] one may define 
U = (M, + M,)/(1 + +») = —N(w,, + w,,) = —NV%w .. [3] 


and Equation [1] may then be written 


Since Equations [3] and [4] are analogous to the differential 
equation for the deflection of a membrane with a pressure load 
p(x, y) and having a constant tensile stress, one may state the 
two theorems: (a) The ordinates of a deflected film or elastic 
membrane in which the stress is unity and the loads are propor- 
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tional to p(z, y) of the plate represent the relative moment sums 
at any point of the actual plate. (b) The ordinates of a mem- 
brane loaded with elastic weights proportional to the moment 
sums, are relative deflections of the actual plate under the original 
normal surface loads. 

The purpose of the present investigation is to make a study of 
certain simple plate problems by means of an approximate analy- 
sis using difference equations. This method is briefly commented 
upon in appendix A. An adequate treatment is given by 
A. Nadai’ and H. Marcus.? 
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Fic. 1 Square PLATE SHOWING THE NETWORK Division UseEp IN 

THE DIFFERENCE METHOD OF SOLUTION AND THE LABELING OF THE 

Net Potnts ABOUT THE kTH Point; ALSO THE INTERIOR, BOUNDARY, 
AND EXTERIOR Potnts. Net WIDTH = A = a/4 


Referring to Fig. 1, where a rectangular network is shown in the 
neighborhood of the kth net point, with \ the distance between 
net points, one has the following difference relations in lieu of the 
previously given differential relations 


—4U, + U; + U, + U,, + U, = [5] 


= N[(2w, — w) + — w,, — 
= N{(2w, — vw, — w,) + o(2w, — wv; — | 
1—v)N v 
My. = re [(w, + w,) — (6, + w,)], at an interior point k, 
—(1 —- »)N 
a a (w, — w,), at an edge point k with r and p 
interior, 
= (1—v)Nuw,/d?’, at a corner point k with p interior. 
2V,, = U,— U;; = U,— U,......... [7] 
= (1 v)(2w, Up w,), 


5 ‘‘Elastische Platten,’ by A. Nddai, Julius Springer, Berlin, Ger- 
many, 1925, p. 205. 


Equation [5] is the difference analog of Equation [4]; and [6], 
{7], [8], and [9] the analogs of the moments, shears, boundary 
replacement shears, and edge reactions, respectively. The 
subscripts 2, A, l, m, n, 0, p, q, r refer to values at those particular 
net points. 

In the solutions which follow, these equations will be used for 
square plates divided into 64 squares, each one eighth of the 
lateral dimension of the plate thus giving discrete values at 81 
points on the plate. Comparisons with results obtained by differ- 
ential methods will be given at salient points. 


SquARE LOAD AND SIMPLY 
SupPortTeD EpGEs 


Consider a square plate of constant thickness h, of lateral di- 
mensions 2a by 2a, with origin at the center and coordinate axes 
along the axes of symmetry. The edges are simply supported 
or rather pinned in the ry-plane without inducing any restoring 
edge moments. 

In the following study, the solution of this problem is funda- 
mental to the remaining problems, which are solved by super- 
posing additional solutions upon the simply supported case. 
This solution is given in detail for the case of Poisson’s ratio » = 
0.20 and for the particular thickness-span ratio of h/2a = 0.10. 
An additional change is also to be noted. For the given thick- 
ness-span ratio, the last of Equations [11] has been corrected by a 
moment sum which is not infinite but by a sum which yields the 
same maximum stresses on the bottom surface and directly 
under the load as is determined from thick-plate theory.* This 
is equivalent to distributing the concentrated load uniformly over 
a central area so that the analysis may be carried out by thin- 
plate theory.” 

By dividing the square plate by a square network with A, = 
, = a/4, one may set up ten equations of the type of Equation 
[5]. Since the boundary conditions and the loading are sym- 
metrical, these equations together with Equations [6] to [9] 
furnish results for a complete picture of the action of the plate. 
Diserete values are then known for 81 points and interpolated 
values may be obtained from the graphs or by the method indi- 
cated in appendix A. 

By Equations [4] and [5], the required equations are 


4U, — 2U, =0;U, = 4.5 P/272° 

4U, Us U; = 0; = 9 P/272 

+ 4U; — U, Us = Us; ™ 13 P/272 
—2U, + — Us =0;U.=15 P/272 | 
—2U2 + 4Us — = 0;U;, = 18.5 P/272 110] 
—U; — Us + 4U6 — Ur — Us = OF Us = 28 P/272 | 
—U, — 2U, + 4U; — Us = 0 U; = 34 P/272 | 
—2U. + 4Us — 2U, = Oy Us. = 46.5 P/272 | 
—U; — 2Us + 4U, — = OF Us = 65 P/272 
—4U,5 + 4U 10 = PpUy = 1337 P/272 } 


By the second theorem, the solutions of Equations [10], 
which are listed on the right side, when divided by N may be used 
as the right members in a new set of linear equations analogous 


6 “Solution du probléme de la plaque rectangulaire épaisse posée 
chargée d’un poids unique en son milieu,’’ by A. Mesnager, Comptes 
Rendus, vol. 164, 1917, pp. 721-724. Also ‘‘Der Spannungszustand 
in dicken elastichen Platten,’’ by S. Woinowsky-Krieger, Ingenieur- 
Archiv, vol. 4, 1933, pp. 203-226. 

7 The difference method applied directly distributes the concen- 
trated load over a central net of area \? which in this problem will pro- 
duce a finite moment sum of 133 in the last equation of [10] instead 
of the value as given by the theory of thick plates. The moment 
sum becomes infinite for any thickness or lateral dimensions of the 
plate from the analysis by differential equations and for any type of 
boundary conditions. In Equation [11] the sum 158.65 is the value 
required to satisfy the actual stress at the bottom of the plate fory = 
0.20 and for the given ratio of span to thickness. 
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Fig. 2.) SimpLy SupporTep SQuARE PLate With CENTRAL-PoINT LoAp, SHOWING THE DEFLECTION CONTOURS, MOMENTS, SHEARS, 
REACTIONS, AND CORNER Loap 


to Equations [10] and in lieu of the differential Equation [3]. 
The equations for the deflections may then be written as 


2 

4u, — 2w, = w, = 0.005377 (Pa?/N) | 

272 N | 

W, + Ws Ws = Q; = 0.010296 | 

+ — wy — wy = 13; ws = 0.013862 | 

—2ws + 4w, wy = 15; ws, = 0.016301 
-2w, + 4ws — 2we = 18.5; ws = 0.019873 > [11] 

ws — We + dws —- w; —- Ws = 28; ws = 0.026923 | 

‘Wy — 2We + 4; —- wy = 34; w; = 0.030033 
-2we + 4ws — 2» = 46.5; ws = 0.037719 | 
—- + Wo = 65; wy = 0.043174 | 


+ 4wro = 158.65; wi = 0.052288 | 

In Equations [11], after the first formula only the variables on 
the right-hand side of the other formulas are given, i.e., the con- 
stants \?/272N, and (Pa?/N) are not repeated. 

The deflection surface of a square slab with a concentrated load 
at the center and having simply supported edges has the ordinate 
values w, as given in Equation [11]. The value of wy at the 
center may be compared to 0.0511 Pa?/N as calculated from the 
ordinary differential analysis of thin plates. By applying Equa- 
tions [6] to Equations [9], one obtains all the data of Table 1. 
The moments M, and M, at interior points, the moments M, and 
M; along the diagonals, the shears, reactions, and twisting mo- 
ments along the simply supported edges and the corner loads are 
graphically shown in Fig. 2. 

One notes that the corner load P, maintains contact of the 
corners with the supports; however, the reactions vanish. The 
diagonal moments show a stress reversal in the corner neighbor- 
hoods, for the pinned corners act as if clamped horizontally. 


The net result is that the plate action is comparable with a simply 
supported circular plate of the same diameter. The maximum 
deflection of a circular plate’ with a central load is 


(3 + »)Pa* 
l6r(1 + 


Weirle = 


= 0.0530Pa?/N 


This is a good comparison when one notes that the counterflexure 
line in the square plate is interior to the bounding edge of the 
supported circular plate. In the circular case the deflection also 
depends upon Poisson’s ratio (exclusive of N), whereas this is not 
the case in the rectangular or square plate. 


SquaRE Piate Crentrrat-Point Loap aND ONE PAIR OF 
FREE EpGEs 


The principle of superposition is used to solve this problem. 
Employing the solution of the simply supported plate, one has to 
superpose a solution of V‘w = 0 which has its constants so deter- 
mined that the moment and the reaction shears shall vanish at 
the two opposite edges which are entirely free. 

The reaction shears are given in Table 1 for the five points 
along the boundary edge y = a. First, one attempts to find a 
functional relationship R, = f(z) which will fit these values. A 
function suitable for subsequent use will be found by constructing 
a finite trigonometric series of four terms of odd multiples of 
cosines of the type 


R, = C, cos kx — Cs cos 3kx + Cy cos 5kx — C; cos Tkx. . [12] 


8 “Elastische Platten,’’ by A. Nadai, Julius Springer, Berlin, Ger- 
many, 1925, p. 58. 
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where k = x/2a and (C,, Cs, Cs, and C; are determined to satisfy 
the reaction values at the free edge 


Ry. = —0.08962 P/a, at x = 3a/4 
Ry, = —0.20162 P/a, atx = a/2 
Ry. = —0.30007 P/a, atx = a/4 
Ry = —0.36793 P/a, at x = 0 


The solution of Equation [12] with these values of R, is 


2 Ry 4 
2C,, = sin + R,,sin— + R,, sin + 


for n = 1, 3, 5, 7, and the second subscript indicates the corre- 
sponding boundary point as shown in Fig. 1. The equation of 
the reaction function (same as the graph of R, in Fig. 2) becomes 


R, = —P/a(0.319031 cos kx + 0.036714 cos 3kzx 
+ 0.004678 cos 5kx + 0.007497 cos Tkx)........ [14] 


Next, one attempts to superpose a solution of V‘w = 0, which 
adds no moments nor deflections at the supported edge and which 
also annuls the reaction as given by Equation [14] at the free 
edge. Equations [g] and [h] of the appendix yield a suitable 
solution. 


w'(z,y) = —0.011993P(a?/N) cos kx (ky sinh ky 
— 3.94066 cosh ky) + 0.000002 P(a?/N) cos 3kx (3ky sinh 3ky 
— 2.40291 cosh 3ky)........ [15] 


Let w,(z,y) denote the solution of Equation [11] for the simply 
supported plate as determined by the difference method, and 
w'(z,y) the superposed surface (no confusion should arise with 
this notation as primes are not used to denote differentiation). 
The final solution of the problem of the square plate with two 
opposite edges free and the other edges supported is 


w(z,y) = w,(zy) + [16] 


Fig. 3 gives a complete picture of the action of this plate under 
the prescribed load and boundary conditions. These results are 
calculated from the equations of part C of the appendix. One 
may note the following comparative results. 


w (0,0) 0.099548 Pa?/N 0.0940 Pa?/N 
w (0,a) 0.075231 Pa?/N 0.0744 Pa?/N 
M,’ (0,0) 0.105124 P 0.1037 P 


M,’ (0,a) 0.178201 P 0.1797 P 
M,’ (0,0) 0.034104 P —0.0337 P 
R, (a,0) .38873 P/a —0.3625 P/a 


R, (a,a) ).18661 P/a 4.1715 P/a 

The results in the last column are found from exact theory and 
those in the second column are from the approximate method of 
this paper. 

One notes that the superposed deflection surface is convex 
upward in the sections parallel to the supports but increases all 
the deflections from those of the simply supported plate and the 
final surface is convex downward everywhere. For an infinite- 
width plate under a line load parallel to the supported edges (or a 
beam) the deflection is 0.0833 Pa?/N. There is present a very 
small corner load which gives a small negative diagonal moment 
at the corner. This is equivalent to a clamping of the corner 
but not in the plane of the plate. If one averages the moment on 
a section midway between the supports it is found that 


1 
M,=- f M,dy = 0.2543 P, varying from 0.4550 P to 
0.1782 P 


From simple statics this mean value is 0.25 P. Similarly the 
maximum reaction exceeds the mean by approximately 55 
per cent. 

If one defines an effective width FE as that width of beam over 
which the maximum moment of the slab may be acting to total 
the distributed moment, then the effective width for moment dis- 
tribution Z,, = (0.50a/0.455) = 1.la. Similarly, the effective 
width for shear distribution Z, = 1.28a. 


SquaRE PLatTe With CEeNTRAL-Point LoaD AND CLAMPED 
SUPPORTED EDGES 


The opposite edges y = +a are clamped in the plane of the 
supports, and the other pair of edges x = +a is pinned or simply 
supported. By a method similar to that indicated in obtaining 


Equation [14] from Equation [12], one may find the slope func- 
tion 


Oy /y =a 


+ 0.001066 cos — + 0.001133 cos — ]........ {17] 
2a 2a 


(0 060591 cos + 0.002415 cos 


TABLE 1 DEFLECTIONS, MOM SHEARS, AND REACTIONS OF A SQUARE PLATE, +e ow LOADED AND WITH SIMPLY 
PPORTED EDGES. POISSON'S RATIO » = 0.20, AND h/2a = 0.10 


y z=0 a/4 a/2 a 
0 0.052288 Pa?/N 0.043174 Pa?/N 0.030033 Pa?/N 0.015301 Pa?/N 0 
a/4 0.043174 0.037719 0.026923 0.013862 0 
a/2 0.030033 0.026923 0.019873 0.010296 0 
3a/4 0.015301 0.013862 0.010296 0.005377 0 
a 0 0 0 0 0 
0 0.349963 P 0.099339 P 0.045374 P 0.018310 P 0 
a/4 0.187424 0.102574 0.048833 0.019629 0 
a/2 0.104626 0.070273 0.048525 0.015844 0 
3a/4 0.047864 0.036490 0.023957 0.008797 0 
a 0 0 0 0 0 
Moments 
0 0.349963 P 0.187424 P 0 104626 P 0.047864 P 0 
a/4 0.099339 0.102574 0 “070273 0.036490 0 
a/2 0.045374 0.048833 0.048525 0.023957 0 
3a/4 0.018310 0.019629 0.015844 0.008797 0 
a 0 0 0 0 
———V;z (a, y) shear———. -——-Rz (a, y) reaction Mzy, moment-—— M ) M: 
0 —0.22058 P/a —0.36793 P/a 0 +0.3499 P +0.3499 P 
a/4 —0.19117 P/a —0.30007 P/a —0.032030 P +0.0638 P +0.1412 P 
a/2 —0.13255 P/a —0.20162 P/a —0.054304 P —0.0006 P +0.0977 P 
3a/4 —0.06617 P/a —0.08962 P/a —0.065898 P —0.0548 P +0.0724 P 
a 0 0 —0.068830 P —0.0688 P +0.0688 P 


Corner load = —0.13766 P 


: 
3 
1 = 
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Fie. 5 Pxiate Wits Att Four EpGes CLAMPED IN THE PLANE OF THE SUPPORTS 


(The convex surface in the middle of the figure on the right shows the effect of clamping the edges (upper diagram) of a simply supported 
plate (bottom diagram).] 


which satisfies the following values of the slope of the deflection 
surface at a simply supported edge 


(2) = —0.021508 Pa/N at x = 3a/4 
oy /y=a = —0.041184 Pa/N = a/2 
= —0).055448 Pa/Natz= a/4 
= —0.065204 Pa/N at xz = 0 


These slope values are found by appropriate interpolation of the 
deflection ordinates of Table 1. A solution of V4w = 0, which 
produces no edge deflections, adds no moments at the pinned edge 
and annuls the slope given by Equation [17] is shown in Equation 
[j] of the appendix to be 


2 
w’ = 0.018177 | — "tanh cosh 


Pa? | 3ry 
E 2a 
3a Sry 


Equation [16] with w’ of Equation [18] gives the solution of the 
defiected surface when one pair of opposite edges is clamped and 
the other pair is pinned. The data for Fig. 4 results from super- 
posing the results calculated from one term of Equation [18] 
upon those of Table 1. Equation [18] readily shows that the 
deflection vanishes over the entire boundary and decreases the 
deflection from that of the simply supported case. For this 


problem, Timoshenko® gives the maximum negative bending 
moment at the clamped edge to be M,(a, 0) = —0.166 P, which 
compares quite favorably with —0.1631 P of this paper. 


Square PLate CEeNTRAL-Point Loap AND CLAMPED EpGEs 


The principle of superposition is again employed for this prob- 
lem. The difference method is applied and involves only linear 
equations. The superposed difference solution is a solution of 
the homogeneous difference equation analogous to Equation 
{1]; it involves no normal loading and merely corrects the solu- 
tion of the case of the simply supported plate by clamping the 
edges. The corrected values will be denoted by U,’ and w,’. 

The ten difference equations are similar to Equations [10] with 
the right-hand members equal to zero, however, they involve the 
four boundary unknowns U,, U,, U,, and U, which correspond 
to the degree of indeterminateness at the clamped edges. Thus 


4U,’ — 2U,’ — 2U,' = 0) 
+ 4U,' — U;’ U,’ = 0 
— U,’ + 4U;’ U,’ U,’ = 0 
—2U,' + 4U,’— U,' =0 
—2U,' + — 2U,' =0 

0 
0 


— — Uy’ — Uy = 
U,’ — 2U,’ + 4U7' — U,’ = 

—2U,’ + — 2U,’ = 0 

U7’! — 2U + 4U 5’ — = 0 

—4U,’ 4U 0’ = 0 


*“Uber die Biegung der Allseitig unterstiitzten Rechteckigen 
Platte unter Wirkung einer Einzellast,’’ by S. Timoshenko, Der 
Bauingenieur, vol. 3, 1922, pp. 51-54. 


\ 0.1 

: a | 
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272U,’ = 167U, + 62U,+ 31U.+ 12U, 

272U,’/ = 62U, + 124U,+ 62U,+ 24U, | 

272U;’ = 31U, + 62U, + 133U,+ 46U, | 

272U = 24U,+ 48U,+ 92U, + 108U, | 

272U,’ = 50U, + 100U, + 84U,+ 38U, | 
272U,’ = 38U, + 76U, + 106U, + 52U,| 
= 34U, + 68U, + 102U, + 68U, 

272U;’ = 37U, + 74U, + 105U, + 56U, | 

272U,' = 36U, + 72U, + 104U, + 60U, | 

272U = 36U, + 72U, + 104U, + 60U, | 


The solution of Equations [19] is given by Equations [20] and 
gives the moment sums at interior points in terms of moment 
sums at the boundary where it is clamped. (No primes are re- 
quired at the boundary since these values are the final values.) 
By forming a set of deflection equations for w,’ similar to Equa- 
tions [11] with the right members equal to U,’A?/N of Equations 
[20], one obtains the following values for the superposed deflec- 
tion surface expressed in terms of U,, U,, U., and U4. 


Z;' = 1487.75U, + 1556U, + 1487.75U, + 730U, 
Z,' = 1556.00U, + 2585U, + 2712.00U, + 1358U, 
Z;' = 1487.75U, + 2712U, + 3655.25U, + 1886U, 
ZV = 1460.00U, + 2716U, + 3772.00U, + 2269U, 
Zs = 2194.50U, + 3964U, + 4651.00U, + 2408U, 
Zs’ = 2408.00U, + 4493U, + 5876.00U, + 3135U, 
Z;' = 2456.50U, + 4624U, + 6213.50U, + 3468U, 
Zs! = 2847.25U, + 5380U, + 7182.25U, + 3894U, 
Zs’ = 2972.00U, + 5638U, + 7596.00U, + 4177U, 
Zio’ = 3125.00U, + 5944U, + 8038.00U, + 4432U, 


in which Z,’ = Nw,'4624/d*. 

Clamping a boundary requires that w = 0 along the edge. 
Since'w, = 0, then w’ = 0 and Z,’ = Z,' = Z,' =Z,' =0. With 
the notation of Fig. 1, the boundary values satisfy the following 


+ ~ ~ 4624U, 


. (21) 


Since the edge values vanish, the solution is 


Zq' = —6111.75U, — 1556U, — 1487.75U, — 730U, | 
Ze’ = —1556.00U,, — 7209U, — 2712.00U, — 1358U, | (22) 
Z,' = —1487.75U, — 2712U, — 8279.25U. — 1886U, | 

Zs' = —1460.00U, — 2716U, — 3772.00U, — 6893U, 


Equations [21] and [22] describe the superposed deflection 
surface in terms of the unknown moment sums U,, U,, U,, and U, 
at the edge. In part E of the appendix it is shown that by giving 
due consideration to the clamped boundary conditions these 
moments are 


U, = —0.016804P =U, = 
U, = —0.059913P U, = —0.122463P 


From Equations [21] and [22] 


w;’ = —0.004811 Pat/N 
= —0.008352 Pa*/N ws’ = —0.022407 Pa*/N 
ws’ = 0.010591 Pa?/N wio’ = —0.023708 Pat/N 
ws’ = —0.011376 Pat/N wa’ = +0.005852 Pat/N 
ws’ = —0.013970 Pat/N wg’ = +0.012064 Pa/N 

= —0.017306 Pa*/N  w,’ = +0.016896 Pa/N 
wz’ = —0.018429 Pa*/N ws’ = +0.018964 Pa?/N | 


= —).021143 Pa?/N 


il 
R 
iuuud 


The superposed deflections of Equations [24] combined with 
those of the simply supported case given by Equations [11] are 
graphically shown in Fig. 5. Fig. 5 also includes the data for the 
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moments and the shears. Thus, a complete picture of the action 
of a square plate with a central-point load is obtained for the case 
of all the edges clamped. 

The maximum deflection is decreased from that of the simply 
supported case by nearly one half, whereas in a beam it is de- 
creased three fourths for clamped ends. The maximum positive 
bending moment has decreased about 15 per cent; in a beam it 
decreases 50 percent. Ina beam the greatest negative moment is 
equal numerically to the greatest positive moment, while in a 
clamped plate it is about two fifths of the positive moment. 
From this stress situation one observes that by clamping the four 
edges of a rectangular plate the reduction in the maximum stresses 
does not compare favorably with the beam situation. 

It is noteworthy that by clamping the edges, all the torsional 
moments vanish along these edges, and hence no replacement 
shears and no corner forces arise. Thus the reactions and the 
shears are the same. The corners themselves are actually free 
from stress. This is to be contrasted with the simply supported 
plate where the greatest negative bending moments and torsional 
moments occur at the corners. By interpolation the reaction 
shear at the clamped edge vanishes at 0.380a from the corners 
as indicated in Fig. 5 and is of opposite sign in the corner regions 
from the middle regions of the clamped edges. The accuracy of 
applying the difference method in two successive stages may be 
indicated by the check of statics 


a 
2 V.dy = 0.236P 
0 
as against 0.25P. 


Square Piate LoaD AND Coker 
Supports 


Consider a square plate having a central-point load and resting 
on four corner posts as shown in Fig. 6. One attempts to find a 
difference solution of V ‘w’ = 0 to superpose upon the known solu- 
tion of a simply supported plate, so that all the edge supports will 
be released. The conditions are that the moments and the re- 
actions shall vanish at the free edge and only the corner deflec- 
tions are zero. 

Equations [19] and their solution as given by Equations [20] 
hold at interior points. Since only the moment sums vanish at 
the corners, the equations which are valid at the boundary are 


—U,’ + 4U,— U,—U,—U;’ = 
—U,’ + 4U, — U,— U,— U;’ = 0 
—U,;’ + 4U,— 2U, — Uy’ 
where the unprimed values are again used for values along the 


edge, since they are the final values. By Equations [20] one 
finds 


272U,' = 921U, — 334U,— 31U.— 12U, 

272Ue' = —334U, + 964U, — 334U,— 
272U,’ = — 31U, — 334U, + 955U, — 318U, { **" 
272U;;’ = — 24U, — 48U, — 636U, + 980U, 


The deflection equations which hold at interior and boundary 
points are 


4w,’ — = 2w, + ) 

4u.’ — wi’ — =u, + 

4w3;’ — — wi’ —w’ =w, + U;'r? 

4w,’ — 2w;’ — wy’ =we + .... [27] 
4u,’ — — 2u,’ = 

— 4w,’ = 


| 
J 
| 


and 
4w, Wa’ w,’ wy’ = OP ) 
4u, — we’ — w,’ — w,’ — wr’ = | 28 
dup. — — wo,’ — ow,’ — ‘= [ ] 
| 
4w, — ws’ — 2w,’ — = | 


The eight indeterminate quantities U,, U,, U. Ug wa, Ws; 
w,, and wz, may be evaluated by imposing the boundary condi- 
tions. This is indicated in part F of the appendix. The ordi- 
nates of the superimposed surface are recorded in Equation (p] 
of the appendix. The data, graphically shown in Fig. 6, are ob- 
tained by utilizing the appropriate difference relations und adding 
them to corresponding values of Table 1 for the case of the simply 
supported plate. 

It is to be noted that the deflections are increased greatly. 
The maximum deflection is more than three times that of the 
simply supported plate. The relative deflection of the center of 
the plate over that of the midpoint of the free edge is 47 per cent 
greater than the central deflection of the pinned plate. One 
may readily account for this increased deflection in the following 
way: In the case of the pinned plate it was noted that the 
corners, while restrained to contact the supports, acted as if 
clamped horizontally, thus decreasing the deflection over the 
entire plate. In the corner-supported plate, the ioss of rigidity 
of plate action due to the free edges is transferred to increase it 
along the diagonals. 

The average moment M, on the section z = Ois 0.25P. From 
the graph shown in Fig. 6 the average moment is 0.2775P, vary- 
ing from 0.43828P to 0.21661P. Again one may compare the 
curve of M, on Fig. 6 with the average moment P/8 on a section 
perpendicular to the diagonal and at any distance from the 
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For simplicity in illustrating the type of analysis employed, 
the examples given previously in this paper have been limited to 
square plates with a central-point load. For rectangular plates, 
one may approximately solve the problem by choosing a rec- 
tangular network involving equations such as Equation [c] of 
the appendix instead of Equation [5]. The numerical work 
becomes more involved. This is also true for distributed loads, 
in which case not all of the right-hand members of Equations [10] 
are nearly zero. For eccentric rather than central loads, one may 
increase the number of equations to satisfy the entire plate, or 
more preferably solve several groups of equations obtained by the 
symmetry properties arising by using image loads. 

The particular thickness-span ratio of h/2a = 0.1 was used to 
establish the special moment sum Uj = 158.65 of Equations 
[11] in order that the ordinary thin-plate theory, with this value 
introduced, should lead to the same maximum stress at the 
bottom of the plate directly under the load as does the special or 
thick-plate theory for a square plate. No table of values for 
various thickness-span ratios is included since the numerical 
work entails new calculations. 

It should be pointed out that the simply supported plate is 
statically determinate since one knows the boundary values of 
both U and w for this type of support. In the other problems 
where U is not given and is not determinable explicitly from the 
type of edge support, then the boundary reaction, or boundary 
slope, or boundary moment sum is to be considered as the stati- 
cally indeterminate quantity since this becomes determinate only 
through the equations of elasticity which express the desired edge 
conditions. In this respect the paper may be considered as con- 
tributing to the analysis of statically indeterminate plate prob- 
lems for a particular type of loading, of plate dimensions, and of 
supports. 
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Appendix 


(A) In Fig. 1 is shown a rectangular network of squares of 
width \ = a/4. In general one may consider a network of rec- 
tangles of dimensions A, and , in the z and y directions, respec- 
tively. The four net points adjacent to the point & are 7, l, m, 
and n. In order to consider the differences involved in Equation 
[5], one may study the membrane analog. If the deflection of a 
section y = constant, is considered as approximately given by the 
parabola U = cx? + x + cs over a small range adjacent to a 
net point, then 


U, — U,—2U, + , 


is the deflection within a range of 2\, from the k point. The 
first and second differential quotients at the kth point are 


(22) U—U;, (22) Us. 


Equations similar to Equations [a] and [6] hold along a section 
x = constant. Thus from Equations [a] and [b] all the equa- 
tions [5] to [8] may be derived. If A, > A, with A, = td, then 
the extended form of Equation [5] is 


2U,(1 + 2) — (U, + U,) — + = ped.? = 


where ¢ = — is a ratio and is defined by the equation A, = & 
Considerations similar to these lead to a fourth-order differ- 


ence relationship for Equation [1]. No use is made of it in this 
paper and it is therefore omitted. It has been shown by Lieb- 
mann" and Courant! that by decreasing \ indefinitely the solu- 
tion of homogeneous difference equations for a given boundary 
condition becomes the limiting solution of the corre:ponding dif- 
ferential equations. 

The use of finite squares or rectangles, instead of infinitesimal 
rectangles gives an approximate method, not an exact one. The 
smaller the value of A, the closer is the approximation. The 
difference equations apply more nearly to a type of rib structure 
in which the ribs are joined, in a manner such that the torsional 
resistances and bending deformations are concentrated at the 
intersections of the ribs. 

(B) ‘Timoshenko? and other writers‘ !? find that the maximum 
deflection at the center of a square plate with pinned edges and 
bearing a central concentrated load may be calculated from 


2Pa? 1 
Umax = (saan = + tanh? =), . [d] 


Nx fs," 2 


The maximum reaction is 
P 

(R,)y-0 = (—1) ? | tanh = 
@ 1,3,5.... 2 


=| 


10‘‘Die angeniiherte Ermittelung harmonischer Funktionen und 
konformer Abbildungen,’’ by H. Liebmann, Sitzungsberichte der 
Mathematische Physikalischen, Akademie der Wissenschaften zu 
Munich, vol. 47, 1918, pp. 385-416. 

11 ‘Uber die partiellen Differenzengleichungen der mathematischen 
Physik,”’ by R. Courant, K. Friedrichs, and H. Lewy, Mathematischen 
Annalen, vol. 100, 1928, pp. 32-74. 

12‘‘Versuche mit freiaufliegenden rechteckigen Platten unter 
Einzelkraftbelastung,"”” by M. Bergstriisser, Forschungsarbeiten auf 
dem Gebiete den Ingenieurwesens Herausgegeben vom Verein 
deutscher Ingenieur, No. 302, 1928. 


The maximum stress at the bottom of a thick plate directly under 
the load may be found in papers* by Mesnager and Woinowsky- 
Krieger. The moments along the diagonals are found in the 
usual way from the equation 


It is interesting to note that the tabulated values for the reactions 
yield the static load 


a 
2 J R,dy = —0.3883P = —0.25P — 0.1383P, 
0 


(C) A solution satisfying Vw’ = 0 and having no deflection 
and no edge moments at the pinned edges z = =a, together with 
no moments and no reactions at the free edge y = =a is given by 


w = (—1)"D,, (kny sinh kny — pu, cosh kny) cos knz. . 
1,3,5,... 


When one superposes the solution of Equation [g] upon the solu- 
tion of the simply supported plate, it is found that the coeffi- 
cients which are necessary to annul the moments and reactions 
on the free edge are 

) 


C, = D,N(1 | | 


cosh nx/2 n(1 —») 
nh — 


For this problem two terms will suffice 


= 3.94066, = 2.40291 
D, = —0.011993 Pa?/N, Dy; = 0.000002 Pa?/N 


The other two possible values of Ds and D; are negligible. From 
one term of Equation [15], one finds that 


M.' = "= (0.011993 cos kx) [(1 — ») | 

(3.94066 cosh ky — ky sinh ky) + 2v cosh ky] | 

M,' = — = (0.011993 cos kz) [(1 — »)(ky sinh ky | 
— 3.94066 cosh ky) + 2 cosh ky] 


| 
Px? | 
= 0.011993 sin kx(ky cosh ky | 
— 2.94066 sinh ky) | 
Px 

V,’ = — — 0.011993 sin kx cosh ky 

[i] 


Pr 
V,’ = + ys 0.011993 cos kx sinh ky 
Pr 
R,’ = + Sa 0.011993 [(1 — v)(3.94066 cosh ky — ky 
sinh ky) — (4 — 2v) cosh ky] 


P 2 
= 0.011993 (: cosh 


| 
| 
| 
| 
| 
| 
| 


— 2.94066 sinh 5) = + 0.13380P | 


This last result together with the corner load of the simply 
supported plate (—0.13766 P) gives a corner load of —0.00386 P. 
Using two terms of the infinite series, the exact method of 


| 
: 
| 


Pe 
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differential equations yields P, = —0.0052P. This is a fair 
check. It suffices to say that in a square plate loaded centrally 
and having two edges free and two edges pinned, the corner loads 
are reduced practically to zero. This is in contrast to the same 
plate loaded uniformly over the entire plate where the deflection 
surface is saddle-shaped and there is an added pinching effect at 
these corners. 

(D) For the case of two edges clamped and the two opposite 
ones pinned, the function 


= an (—1) 2? (A, ky sinh ky + B, cosh ky) cos kx 
1, 


with k = nz/2a, satisfies V’w’ = 0, and w’ = M,’ = Oatz = 
+a. If B, + A, ka tanh ka = 0, then w’ will vanish on y = 
+a and a suitable solution to superpose on that of the simply 
supported problem will be 


w' = ,(—1) 2 A,(ky sinh ky — ka tanh ka cosh ky) cos kz 
1,3,5... 
-- 
ow’ 
It also satisfies the symmetry conditions V,’ = a 0 on the. 


Y axis and V,’ = ~ = 0on the X axis. The coefficients A,, are 


determined so that the edge y = a becomes clamped, that is 
re) 
(w, + w’) = 0. 
oy 


This yields 
A Cn 
"  k(sinh ka + ka sech ka) 


for n = 1, 3, 5, 7 and k = nx/2a. 

Thus, A; = 0.013177 Pa?/N, As = —0.0000092 Pa?/N, As = 
0.0000001 Pa?/N, A; = 0. Equation [18] follows when these 
values are used in Equation [j]. The results in Fig. 4 have been 
calculated from equations similar to Equations [i] but with the 
present function given by Equation [18]. 

(E) Clamped Plate. Denoting results belonging to the solu- 
tion of the simply supported plate by zero subscripts, the follow- 
ing values are obtained from Table 1 


= = 0.086038PX2/N 
= —w,g = 0.164745Pd2/N 
= —W,y = 0.221797P2/N 
Ws = —w,5 = 0.244819Pr2/N 


In order to consider the effect of the clamped edge, one may 
show at a boundary point k on the edge y = a that 


Wy = Wmy OF Won + Wa! = Wom + Wm’ 
w,,’ — Wn = Wom — Won 


Since w,,, = —,,, it is seen that —2w,,, = w,,’ — w,,’ and there- 
fore 


Wai = (Wa’ — wi’)/2 = 0.086038PX2/N 
W,2 = — we’)/2 = 0.164745PA2/N tk] 
= (wy’ — w;’)/2 = 0.221797PX2/N {| 
Wea = (ws! — wy’)/2 = 0.244819P?2/N 


Thus from Equations [k], [21], and [22] the necessary and suffi- 
cient conditions for determining the moment sums at the boun- 
dary are 


3799.75U, + 1556U, + 1487.75U, + 730U, = — 397.8397P 
1556.00U, + 4897U,, + 2712.00U, + 1358U, = — 761.7809P 
1487.75U, + 2712U, + 5967.25U. + 1886U, = —1025.5893P 
1460.00U, + 2716U, + 3772.00U, + 4581U, = —1132.0431P 


and 


U, = —0.0168042P | 
U, = —0.0599128P | 
U, = —0.1224628P } 


(F) Plate on Corner Supports. The boundary condition M, 
= 0, together with Equation [3] yields four equations of the type 
—U 
— = aty =a. 
NA —») aty =a. From these one finds that 


(1—»)Nw, = + Uy + U, +0.5U,) 

(1 —»)Nw, = +2U,+2U,+ U,) 
(1—»)Nw, = 4(U, + 2U, +3U, + 1.5U,) 
(1—»)Nw, = + 2U, +3U, +2 


Inserting Equations [n] in Equations [27] and [28], the values of 
Wio’, Wa’, wg’, Wy’, and ws’ are given in terms of U,, U,, U., 
and U,. Since the moments vanish at the corners, wg’ = —1w,. 
At the free edge y = a, R, = 0 and four equations may be writ- 
ten. One such equation for the point (3a/4, a) is 


(U;’—Ua') , (l1—v)N 
2d 


— wp’ — wg’ — (2w,’ — w,’) 
= 0.08962P/a...... [o} 


The right-hand members of Equation [o] are taken from Table 1. 
The four unknowns U,, U,, U,, and Uz may now be determined 
from four equations similar to Equation [0]. Using » = 0.2, 
the four equations for points at the edge are 


+636.60U, — 252.00U, — 43.40U,— 16.80U, = 6.0942P 
—231.62U, + 630.50U, — 262.42U, — 35.70U, = 13.7102P 
— 29.09U, — 254.81U, + 602.50U,, — 244.02U, = 20.4048P 
— 21.39U, — 62.27U, — 485.39U, + 636.35U, = 25.0192P 


Hence 


U, = 0.07655P 
U, = 0.12873P 


= 0.16516P 
U, = 0.18050P 


From Equations [27], [28], and [n] 


w,’ = 0.060436Pa?/N w,’ = 0.109413Pa2/N w,’ = 0.078563Pa?/N 
we’ = 0.081585Pa*/N ws’ = 0.111293Pa?/N ws = 0.087809Pa?/N 
ws’ = 0.095934Pa?/N wy’ = 0.115628Pa?/N w, = 0.035992Pa?/N 
ws’ = 0.101025Pa?/N wy’ = 0.117928Pa?/N w, = 0.066002Pa?2/N 
ws’ = 0.093267Pa*/N w,' = 0.012742Pa?/N w, = 0.085956Pa?/N 
we’ = 0.105398Pa*/N we’ = 0.052431 Pa?/N w, = 0.093007 Pa?/N 
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Increasing the Fatigue Strength of Press- 
Fitted Axle Assemblies by Surface Rolling 


By O. J. HORGER! anv J. L. MAULBETSCH,? CANTON, OHIO 


This paper presents test data on 2-in. axles showing how 
fatigue strength in reversed bending is reduced to be- 
tween one half to one third its value by the mere presence 
of a press-fitted member and how such a press-fit assembly 
may be made more than twice as strong by surface rolling 
the axle at the press-fit seat. Further tests are given to 
show that increased strength obtained by surface rolling is 
due principally to strain hardening of the material at the 
surface of the axle. The weakening action of press fits is 
due to large stress concentration and rubbing corrosion 
localized near the ends of the pressed-on hub, and in this 
respect surface rolling produces a layer of material having a 
resistance which is considerably increased in the region of 
this local weakness. : 

Additional data are presented to show that plain cylin- 
drical specimens of the usual 0.3-in. diameter give 10 to 
15 per cent increased fatigue strength over that given by 
specimens about | in. in diameter; and to show that there 
should be no difference in fatigue strength between a 
cantilever- and a beam-type specimen of the same di- 
ameter and of the same steel. 


T HAS been found when a member is press-fitted on an 
axle that the fatigue strength of the axle may be reduced 
to between one half to one third of its strength without a 
press fit. As a result of this weakening effect, a number of 
failures have been found wherever press-fitted assemblies are 
used. Such fractures are found in railroad service where the 
advent of higher speeds has increased the working stresses above 
the value included in empirical design formulas which have been 
applied successfully in the past. Examples of such failures are 
found in the axle where the wheel, gear, or bearing is mounted; 
in the piston rod where it enters the taper fit in the crosshead; 
and in the crankpin where it is pressed into the wheel center. 

For some time this problem has been the subject of research by 
the Timken Roller Bearing Company. The present paper 
studies two aspects: (a) Increasing the strength of press-fitted 
assemblies up to two and one-third times by surface rolling; 
and (6) theoretical reasons for this increase in strength. 

The mere press fit of a member on an axle submitted to alter- 
nating stresses presents a considerable weakening effect which 
is almost as severe as though the axles were notched. The 
reasons for this weakness have been recently studied by several 
investigators (1, 2, 3)* and the general nature of the problem 


1 Timken Roller Bearing Company, Canton, Ohio. Jun. A.S.M.E. 

? Research Engineer, Timken Roller Bearing Company, Canton, 
Ohio. Jun. A.S.M.E. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Presented at the Annual Meeting of THe AMERICAN Socirery or 
MECHANICAL ENGINEERS, held in New York, N. Y., December 2 to 6, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., and will be accepted until November 10, 1936, for pub- 
lication at a later date. Discussion received after this date will be 
returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


is presented in Fig. 1. Three principal factors contributing to 
this weakness are: (a) The press-fitted assembly presents a 
shape somewhat similar to an axle with an integrally machined 
hub having a small fillet radius which introduces a concentra- 
tion of stress near the change of section; (6) the press-fit pres- 
sure between the two members reaches a peak value at the end 
faces of the hub (2, 4) due to the end restraint of the protruding 
axle as shown in Fig. la which under certain conditions of bending 
in the axle may be aggravated by the ends of the hub impinging 
under heavy pressure against the compression side of the axle, 
as shown in Fig. 1b; and (c) the minute sliding action of the end 
face of the hub on the axle surface due to the alternate elonga- 
tion and contraction of the axle fibers produces corrosion of 
these rubbing parts with a resulting weakening (5). In practice 
this corrosion is noticeable by the rust formation found in par- 
ticularly large amounts near the ends of the press fit. 

Several means of obtaining increased strength of press-fitted 
assemblies are known such as (a) relief grooves in the end faces 
of the pressed-on members (1, 2, 3), (0) providing raised seats 
or pads on the axle at the press-fitted portion (6, 3), and (c) the in- 
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Fic. 1 GrNERAL NATURE OF THE Press-Fit ProBLEM 


PRESSURE DISTRIBUTION 


troduction‘ of several alloy steels and heat-treatments (1). While 
all these phases were not completely investigated the indications 
are that for practical purposes of design about 30 per cent in- 
creased strength would be the maximum obtainable by any one 
from such methods. A more substantial increase of strength is 
obtained by surface rolling. 


INCREASED STRENGTH BY SURFACE ROLLING 


This rolling process (7) is an old art and is better known in the 
shop as “burnishing.” The reason for its use has usually been 
to produce a smooth and hard surface resistant to wear as in the 
burnishing of the journals of railroad car axles while in this case 
rolling is employed to increase by two and one-third times the 
fatigue strength of press-fit assemblies. Obtaining increased 
fatigue strength by rolling was first recognized by Féppl at the 
Wohler Institute in Braunschweig, Germany, 1928 (8). 

The manual operation of rolling consists of rotating the axle 
slowly on lathe centers with the rolling device attached to the 
lathe carriage. The rolling device consists of three or four rollers 
equally spaced circumferentially about the axle and arranged so 
that they roll the surface of the axle at a certain pressure as the 


‘ The authors have started these tests but at this writing they are 
not completed. 
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lathe carriage is moved longitudinally along the axle. Illus- 
trations of this operation and the history and development of 
surface rolling were given in another paper (7). 

Some application was made in service; locomotive driver 
axles 10°/, in. in diameter, which have been failing at the wheel 
and bearing seats, have been surface-rolled in this manner at a 
pressure of 25,000 lb per roller. The axles were first ground and 
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paper. All specimens were normalized at 1620 F and drawn at 
1115 F before machining to 2 in. test diameter. The chemical 
analysis of the steel was 0.45-0.49 per cent carbon, 0.67-0.77 
per cent manganese, 0.20—0.26 per cent silicon, and the other 
constituents normal. Physical tests of the steel gave a yield 
point of 48,000 lb per sq in., an ultimate strength of 88,800 lb per 
sq in., an elongation of 32 per cent, and a reduction of area of 48.5 
per cent. The same material was used in the tests described in 
an earlier paper (7). 

Fatigue Tests. All tests reported here were made in rotating 
bending. Several series of tests pertaining to various aspects of 
fatigue study were made as follows: 

(a) Cantilever tests were made on 2-in. axles to investigate 
the weakening effect caused by press-fitted members and to show 
how this condition could be considerably improved by surface 
rolling the portion of the axle where the fitted member was ap- 
plied. Two different rolling pressures were investigated for two 
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then rolled at the portion where the wheel and bearing are pressed 
on. The reduction in diameter due to rolling varied up to a 
maximum of 0.001 in. Sufficient mileage has not been run on 
these axles at this time to determine any beneficial effects which 
may result. 


MatTeRIALs, Tests, Testinc EquipMENT, AND SPECIMENS 


Materials Tested. An S.A.E. 1045 open-hearth steel in 31/¢ 
in. hot-rolled rounds was used in all the tests discussed in this 
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different cases as indicated in Figs. 4 and 6, which also show the 
type of fatigue machines used and line diagrams of the test 
arrangements. In the first case, as shown in Fig. 4, no force was 
transmitted through the fitted member as was the case in the test 
arrangement shown in Fig. 6. 

(b) Tests were made on 0.080-in. diameter specimens shown in 
Fig. 2, which were machined from various layers of 2-in. axles 
in the rolled and unrolled conditions as a means of investigating 
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TABLE |! COMPARISON OF TIMKEN PRESS FIT TESTS WITH OTHER INVESTIGATORS 
PRESS [PRESSURE FATIGUE STENGTH PSI 
STEEL TESTED) Fit PER STRESS LINE 
TYPE OF TEST PRESSURE| ROLLER |WITHOUT| WITH |% RATIO|CONCEN-, | NO. 
HuB | | LBS. | HUB | HUB |’ _[TRATIONAG 
TIMKEN TESTS 2" DIA. AXLES 
SA.E.] cR 34400 [15000 1144 2.3 
ai 1045] NI aa » {33000 | 99 1.0 2 
NORM.|MOLY | 4400 36800] 85 1.2 3 
3.4° 2.8" | AT [34.400 [34000 | 99 1.0 4 
1ST SERIES OF TESTS % C | HARD. DIA. 40000 “ 85 1.2 5 
SAME SIZE BRGS. USED IN BOTH 34400|12000| 35 29 
SERIES OF TESTS .OOI*T. ON DIA » 70 1.4 7 
38800 62 1.6 A 
3200| |24400|28000| 81 9 
AT 2.8" 40000] 70 1.4 10 
LOAD|26%NI DIA. 74 26-30 | 3.8-33 | 11 
FRACTURE 
480004 16000| 33 3.0 
2 ND SERIES OF TESTS |CRNKMOe 620007 16000| 26 3.9 13 
DARMSTADT TESTS 0.55" DIA. AXLES 
[ 30000 41000 [22000] 53 1.9 
0060.13) UNKNOW 38000 93 15 
CR-NI_| %C [13000 73000|28000| 39 2.6 
17000 35000|20000| 57 1.8 |i? 
0.55° 044% 13000 41000|25000|] 60 1.7 18 
0.57%C [HD BUSH|UNKNOWN 41000|19000| 47 22 19 
WESTINGHOUSE pA ERS I-34" DIA. AXLES 
0-5000 31700h| 21600 | 68 20 
| 042% [=16000 " 15800 | 50 20  |2! 
90 31700N 22000 | 69 1.4 22)" 
SAME AS ABOVE BUT WITH] ,, #6000] 400 |23800| 75 13. |23 
GROOVED HUB 800 |290004| 92+ nit 
a. 0.25% C- 0.84% MN-0.21% SI-0.10% CR-0.2 %NI-0.02% MO-NORM.& TEMP. TO 162 BRINELL 
b. EST. FAT STR. 2" DIA. FROM 54000 PSI. FOR 0.3"  ¢.SAME AS a EXCEPT QUENCH MPER 253 BRINELL 
g.ONLY. 37200PS.1. Y.P. & 73800 ULT._h. FAT. STR. OF 0.3" DIA. SPECIMEN. 


the reason for improvement in strength due to surface rolling. 
These specimens were tested in the cantilever machine shown in 
Fig. 3. In a similar manner, 0.3-in. diameter fatigue specimens 
as shown in Fig. 10a were machined from the surface layer and 
core of a 7.25-in. diameter surface-rolled axle shown in Fig. 10) 
and tested in the usual Farmer-type machine. 

(c) The effect of specimen shape on the fatigue strength in 
bending was studied on three different shapes of 0.3-in. diameter 
specimens shown in Fig. 14, with the Farmer rotating-beam type 
machine. The authors have made fatigue tests from the same 
material on 0.08-in., 0.3-in., 1-in., and 2-in. diameter plain speci- 
mens. ‘Tests on the 0.3-in. and 1-in. specimens were described 
in another paper (7) while the tests on 0.08-in. and 2-in. speci- 
mens are described in this paper. There is some question as to 
the effect of the various bending-stress distributions over the 
length of the specimen upon the fatigue strength obtained. 
For this reason the series of tests reported in this paper was 
made. 

(d) A study was made of the variation in fatigue strength of 
0.08-in., 0.3-in., l-in., and 2-in. diameter plain specimens ma- 
chined from the same material. The results of this size effect on 
fatigue strength were compared with the data of other investiga- 
tors. 


Discussion oF Test 


Fatigue Strength of 2-In. Axles With Press Fits. Two series of 
tests were made and in each case the application of surface rolling 
gave a fatigue strength about two and one-third times as great 
as without rolling. 

The S-N curves for the first series are shown in Fig. 4. The 
curves indicate that without the press fit the 2-in. axle has a fa- 
tigue strength of 34,400 lb per sq in. but with the press-fit race this 


strength is reduced to 15,000 lb per sq in.’ or only 44 per cent%as 
much. The normal type of failure, shown in Fig. 5, reveals that 
the fracture developed a short distance inside of the press fit. 
In this test the inner race of a Timken bearing was pressed on the 
2-in. diameter test axles with a 0.001 in. press fit. Using Lamé’s 
formula (4) the press-fit pressure here is 4400 lb per sq in. per 
0.001 in. tight fit on a 2-in. diameter axle. 

It should be noted that the inner race is without rollers and 
does not act as a bearing, but is only pressed on the axle and ro- 
tates with the axle which is subjected to a definite bending stress. 
The test axle acts as a cantilever beam and is supported in the 
two pillow-block bearings with a load applied at the end of the 
specimen to give the proper bending stress in the axle where the 
race is pressed on. 

This manner of test indicates that the greatly reduced fatigue 
strength results from the press fit only as the pressed-on race was 
not used as part of a bearing. One test was made using 0.003 
in. tight fit of the race on the test axle, indicated by square solid 
point in Fig. 4, but this assembly did not prove to be any weaker 
than when a 0.001-in. press fit was used. 

Means of correcting this reduced axle strength are also shown in 
Fig. 4 where the 2-in. axle seat is surface-rolled at the location of 
the pressed-on race. Rolling the axle seat at 600 Ib pressure in- 
creases the fatigue strength from 15,000 to 33,000 Ib per sq in. 
while 1200 lb pressure raises it to 34,000 lb per sq in. Thus 
rolling provides 2.2 times the axle fatigue strength of the conven- 
tional press-fit assembly. 

The results of the second series of press-fit tests on 2-in. axles are 
shown in Fig. 6. The test setup is shown above the curves. 


5’ The stress mentioned in this paper is nominal stress based on 
the usual beam formula where stress equals bending moment di- 
vided by section modulus. 
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Fig. 6 gives fatigue data on tests similar to those in Fig. 4, except 
here a bearing load is transmitted through the pressed-on race. 
This condition represents the case usually found in practice 
where the pressed-on member is a portion of a gear, pulley, or 
wheel, with some force being transmitted through it. 

The curves in Fig. 6 indicate that without the press fit the axle 
fatigue strength is 34,400 lb per sq in., but with a member pressed 
on the axle with a 0.001-in. fit, this value decreases to 12,000 lb per 
sq in. or only 35 per cent as much. The 12,000 lb per sq in. ob- 
tained in the second series of tests compares with the value of 
15,000 lb per sq in. in the first series of tests, the reduction of 20 
per cent being attributed to the alteration of press-fit pressure 
by the force taken through the pressed-on member. 
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Again, surface rolling the axle seat at the press-fit portion by 
600 Ib roller pressure gives an axle fatigue strength of 24,000 lb 
per sq in. while 1200 lb roller pressure gives 28,000 lb per sq in. 
Thus surface rolling provides an axle fatigue strength from two to 
two and one-third times that of the conventional press-fit as- 
sembly. 

Mention should be made of the fact that the fatigue curves in 
Fig. 6 for the rolled axles would indicate that the fatigue strength 
may continue to decrease after 100 million reversals of stress. 
It is believed that these curves actually become flatter before 
100 million reversals so that the strength would then be a little 
higher than the given values of 24,000 and 28,000 lb per sq in. 
The reason for this is that using this small press fit of 0.001 in. on a 
2-in. diameter axle over a long period of operation at high bend- 
ing stresses causes the pressed-on race to loosen its fit on the 
axle. This was apparent from the fact that axle fractures oc- 


curring after many stress reversals developed in the region of 
about one half the length of the press fit. Measurement of the 
race bore showed that it had expanded 0.001 in. or the extent 
of the press fit. Further tests are being made using 0.003-in. 
press-fitted races so as to reduce the possibility of the press-fit 
member becoming loose on the axle. 

The fatigue strength of the 2-in. press-fitted assemblies is 
based on 70 million to 100 million reversals. There is a tendency 
among some investigators (9) to arrive at a comparison of fatigue 
strength of different designs of press-fit assemblies at 2 million to 
20 million reversals. This precedure may be misleading es- 
pecially when the phenomenon of corrosion fatigue is acting 
and causes failures late in life. 

A statement of the data shown in Figs. 4 and 6 is given in 
Table 1. The fatigue-stress-concentration factors are given 
using as a basis both the fatigue strength of the rolled (lines 
3, 5, 8, and 10) and unrolled (lines 2, 4, 7, and 9) plain 2-in. 
specimen. It is interesting to note from Fig. 12 that the 1200-lb 
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surface rolling of a plain specimen (one witbout press fit) gives 
only 16 per cent increased fatigue strength over one not rolled 
but when the press-fitted member is applied this same rolling 
provides 133 per cent increased strength. This would suggest 
that surface rolling is particularly valuable where there is stress 
concentration giving rise to a sharp peak stress or when corro- 
sion fatigue is present or a combination of both. 

Comparison of Results With Other Investigators. Somewhat simi- 
lar tests have been made at Darmstadt (1) and Westinghouse (2) 
laboratories and a comparison of their results may be made with 
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Timken tests by reference to 230 
. | 
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1) having high physical values 
may be expected to show about 
50 per cent higher stress concentration in 2-in. over 0.55-in. axles. 

In both the Westinghouse and in the first series of Timken 
tests no force is taken through the fitted member. A compari- 
son may be made of line 1 which indicates 15 per cent higher 
stress concentration than line 21. This difference may be due to 
small size effect or to the difference of hub and axle materials. 
While axle material is about the same chemical analysis the fatigue 
strength of 0.3-in. plain specimens is 39,600 lb per sq in. for 
Timken tests against 31,700 lb per sq in. for Westinghouse tests. 
Also in the calculation of stress concentration for the Timken tests 
the value of the fatigue strength of a plain 2-in. specimen was 
used whereas in Westinghouse tests a 0.3-in. specimen was used. 
Consideration of the fatigue strength of a 1°/,-in. plain specimen 
may reduce the stress-concentration factor given in line 21 of 
Table 1 from 2 to 1.8 and increase the previously mentioned 
difference of 15 per cent to 28 per cent. 

One important difference is noticeable from Table 1 in that a 
relatively small press-fit pressure was used in Timken tests com- 
pared to the other investigators. It appears as though a hard- 
ened sleeve causes the maximum reduction in fatigue strength 
at a much lower pressure than if a ductile sleeve were used. 
This may be attributed to the greater resistance to yielding of 
the hardened sleeve so that under certain conditions of axle bend- 
ing a greater pressure may be caused near the end faces of the 
sleeve. 

Reason for Increased Strength Due to Surface Rolling. The 
rolling operation results in two major changes by (a) producing 
large residual compressive stresses in the surface layers (10) of 
the axle and (b) strain hardening of the surface layers so that 
metallographic and physical properties of a cold-worked material 
entirely different from the core are obtained (11). Thum (12) 
states that four fifths of the increased fatigue strength in reversed 


Fie. 9 Harpness Curves oF Cross Section oF 1-IN. anp 2-In. SurFaceE-ROLLED SPECIMENS 


bending is due to residual stresses and only one fifth is due to 
strain hardening. F®éppl (11) expresses an opposing viewpoint in 
that the increase of strength is due to the change in material 
properties and not due to residual compressive stresses. 

As a means of determining the reason for this increased 
strength, small specimens were machined from various layers of 
rolled axles. The magnitude of the residual stresses remaining 
in the small specimens will be very much decreased and possibly 
have little effect on the fatigue strength of such specimens. 
Therefore, the test of such specimens would be expected to indi- 
cate principally the effect of strain hardening. 

The hardness and S-N curves for 0.080-in. specimens machined 
in this manner from a 2-in. rolled axle are shown in Fig. 7. 
It is apparent that rolling increases the hardness of the axle 
surface by 41 per cent. The cross-sectioned circles show the 
locations, relative to the hardness curve of the 2-in. axle sections, 
from which the various specimens were selected. From the 
hardness curve it is seen that the hardness® is about 208 at the 
outer surface of the 0.080-in. specimens removed from the first 
layer or 20 per cent higher than at the inner surface which has a 
hardness of 173 (‘‘outer’’ meaning directed toward the surface of 
the 2-in. axle and “inner’’ toward its core). In a similar manner 
the specimens from the second layer are 9 per cent higher in 
hardness at the outside compared to inside position. For this 
reason each specimen was carefully marked when cut from the 2- 
in. rolled axle so as to identify the side of the specimen which was 
in the outside position. It was found in all specimens from the 
first and second layers that failure originated from the inner side 


* Vickers hardness measurements were made by the authors using 
a 10-kg load with a diamond indenter having a 136-deg angle. 
Vickers hardness is defined as load on indenter divided by surface 
area of indentation. 
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(marked F in Fig. 7), that is, from points having the lowest hard- 
ness value. In specimens from other layers, failure did not start 
from any definite position. 

Fig. 7 shows that the fatigue strength of the specimens from 
the first layer of the rolled axle is 43,000 lb per sq in. or 12 per cent 
higher than those from the unrolled axle having a value of 38,500 
Ib per sq in. Inasmuch as failure of specimens from rolled axles 
originated at the inner side of the specimen, this 43,000 lb per sq 
in. represents the fatigue strength of the layer of metal 0.090 in. 
below the surface of the 2-in. axle as seen from Fig. 7. The 12 
per cent increased fatigue strength found may be explained by the 
increased hardness from 153 to 173 or 13 per cent at this 0.090-in. 
depth, of the rolled over the unrolled axle. This is true provided 
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we neglect any effect that small remaining residual stresses may 
have on the fatigue strength. 

Fig. 8 shows how increased hardness is associated with in- 
creased fatigue strength. The hardness and fatigue data from 
the 0.080-in. specimens of the first and second layers of Fig. 7 
are plotted in comparison with similar values for rolled 1-in. and 
2-in. plain specimens; the data are taken from Figs. 9 and 12. 
It should be noted that the 0.080-in. specimens represent mate- 
rial strain-hardened with negligible residual stresses while the 
l-in. and 2-in. plain specimens represents a material in both a 
strain-hardened condition and with appreciable residual stresses. 
It is to be observed in Fig. 8 that all these points fall near the 
same dotted line. This condition would seem to indicate that 
increased fatigue strength obtained with plain rolled specimens is 
due principally to strain hardening and that residual stresses 
play a minor part. In this respect more points are required in 
Fig. 8 for the 0.080-in. specimens before definite conclusions can 
be deduced. 
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The results of increased hardness and fatigue strength of speci- 
mens machined from bars stretched cold in tension is also shown 
in Fig. 8. The data were reported in Table 13 of a previous 
paper (7) published by one of the authors of this paper. This 
suggests that the type of cold working produced by rolling is 


different from the cold working produced by tension. For this 
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reason tests are under way to investigate the change in fatigue 
strength of specimens machined from bars subjected to various de- 
grees of static compression. 

Fatigue tests were also made on 0.3-in. diameter specimens 
made from a 7!/,-in. diameter axle rolled at 12,000 lb roller pres- 
sure.’ The S-N curves shown in Fig. 10c indicate that the speci- 


7 This axle and the hardness curves for the specimens as shown in 
Fig. 11 were furnished by R. E. Peterson of the Westinghouse Re- 
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mens removed from the surface layers have a tatigue strength of 
35,000 Ib per sq in. or 10 per cent higher than the 31,000 lb per sq 
in. found for the specimens taken from the core. Again it was 
found that the specimens removed from the surface layers al- 
ways failed at the under side which is 0.410 in. below the surface 
as noted in Fig. 10b. 

Consulting the hardness curve in Fig. 11, it is observed that the 
10 per cent increased fatigue strength is accompanied by a 5 
per cent increased hardness of the surface specimen over those 
obtained from the core. No fatigue tests were made of speci- 
mens taken from the surface layers of an axle which was not 
rolled so that no direct comparison can be made with the value of 
35,000 Ib per sq in. except by using the value of 31,000 Ib per sq 
in. obtained for the core specimens. 

Effect of Diameter of Plain Specimen on the Fatigue Strength. 
A correlation between the fatigue strength of 0.3-in., l-in. and 2- 
in. diameter plain specimens surface-rolled at various pressures 
is shown in Fig. 12. The horizontal scales for the roller pres- 
sure is arranged so that it varies as the square of the specimen 
diameter, because under this condition of comparison the cal- 
culated depth of the cold-rolled layer bears the same ratio to 
the specimen diameter. Two different curves with the same 
end points are shown for 0.3-in. specimens as a result of using 
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Fie. 13. Errect or DIAMETER OF SPECIMEN ON FATIGUE STRENGTH 
two different roller feeds. The feed on the lower curve is too 
coarse to give maximum fatigue strength while the feed on the 


upper curve is believed to be finer than necessary. The proper 
feed to be used for obtaining maximum fatigue strength is dis- 


search Laboratories, East Pittsburgh, Pa. The axle was machined 
from 7!/:-in., 0.42 per cent, hot-rolled bar stock that had not been 
heat-treated. After turning to 7!/, in., the axle was surface-rolled 
with 6-in. spherical rollers. Vickers hardness is defined as load on 
indenter divided by projected area of indentation. 
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cussed in another paper (7). All four curves shown in Fig. 12 
represent geometrically similar conditions with the exception of 
roller feed, but it is believed that the upper curve for the 0.3-in. 
specimen and the curves for the l-in. and 2-in. specimens repre- 
sent conditions very close to geometrical similarity. 

The data shown in Fig. 12 are expressed in another series of 
curves in Fig. 13 to show how the fatigue strength of plain speci- 
mens, rolled and unrolled, varies with the diameters of speci- 
mens. The results of the authors are shown by the heavy lines 
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while the light lines indicate the results of other investigators 
(13, 14, 15, 16) who studied specimens which were not surface- 
rolled. Straight lines are shown connecting the various speci- 
men diameters of the same material. All these curves pertain to 
rotating bending tests except the two dashed curves V and W 
which are for reversed torsion. 

The general trend of these curves representing a large number 
of various steels independently tested by several investigators 
indicates that the fatigue strength of 0.3-in. plain specimens is 
10 to 15 per cent higher than obtained for specimens of about 1 in. 
in diameter. 

In Fig. 13 the fatigue strength obtained from tests made on the 
Farmer-type machine, using beam specimens, is compared 
with the fatigue strength as found from cantilever-type specimens. 
There may be some objection to making such a comparison 
since the longitudinal stress distribution is different in these 
two types of specimens and this may have some influence on the 
fatigue strength obtained. It is shown in the following para- 


graph, however, that for 0.45 per cent carbon steel there is no such 
effect. 

Effect of Specimen Shape on Fatigue Strength. The practical 
conclusion to be derived from the bending-stress distribution 
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curves and the S-N curves of Fig. 14 is that tests with the various 
shapes of specimens investigated lead to the same fatigue strength 
for the material tested. Theoretically, there may be a difference 
of strength due to shape but it could not be detected by the 
authors’ tests, which give an estimated accuracy of +1/, per 
cent. These tests were made with 0.45 per cent carbon steel 
and the conclusion that there is no effect due to the shape in- 
vestigated should not be extended to apply to other materials 
without further tests. 
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The Behavior of a Brittle Material at Failure 


By MAX M. FROCHT,! PITTSBURGH, PA. 


This paper reports a number of unusual and instructive 
fractures and shows that the strength of bakelite, which 
may be considered a typical brittle material, is determined 
by the maximum tensile stresses as computed by advanced 
methods of stress analysis. The material used in the tests 
here described was obtained from the Bakelite Corporation 
of America and is known by the numbers BT-61-893 and 
BT-46-001. 


FRACTURES THROUGH FILLETS AND GROOVES 


RACTURES of bakelite specimens commonly used to 
determine its ultimate strength are shown in Fig. 1. 
Specimens of this type when properly machined fail either 
through the pinholes or through the fillets. The tensile strength 
of bakelite determined from specimens in which failure occurred 
through the fillets and in which the ratio of the radius of the fillet 


Fig. 1 Fractures orf BAKELITE SPECIMENS COMMONLY 
Usep To DeTERMINE THEIR ULTIMATE STRENGTH 


to the width of the shank equals unity is between 14,000 and 14,300 
lb per sq in. if the factor of stress concentration is neglected. 
Careful photoelastic measurements show that for this case the 
factor of stress concentration is 1.22. 

Assuming that failure was due to the maximum tensile stress 
at the fillet, this would give an ultimate tensile strength of 
between 17,150 and 17,500 lb per sq in. The first corroboration 
of the basic assumption that failure is due to the maximum ten- 
sile stress is found from tensile tests with specimens in which 
the factor of stress concentration is closer to unity. Fig. 2 shows a 
group of fractures of grooved specimens for which the factor of 
stress concentration is nearly unity. This is obtained by in- 
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the Society. 


creasing to approximately 4 the ratio r/d, where r is the radius 
of the groove and d is the width of the narrowest part of the 
groove. For this ratio, the factor of stress concentration is 1.05. 
The ultimate tensile strength determined from such grooved 
specimens is between 16,800 and 17,400 lb per sq in. 


FRACTURES OF TENSILE SPECIMENS WITH LARGE CIRCULAR 


Fig. 3 shows several fractures of tension specimens with large 
circular holes centrally located. The factor of stress concentra- 
tion for these conditions? is 1.99. The photoelastic-stress pattern 


Fig. 2. Fractures oF BAKELITE SPECIMENS FOR WHICH THE 
Stress-CoNCENTRATION Factor Is Unity 
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Fie. 3 Fractures oF BAKELITE SPECIMENS FOR WHICH THE 
Srress-CoNCENTRATION Factor Is 1.99 


of the specimens with large circular holes is shown in Fig. 4. 
The average of five tests gave 1.87 as the factor of strength re- 
duction which is defined as the ratio of the potential strength on 
the assumption of uniform stress distribution to the actual load 
carried. The approximate value of the factor of strength reduc- 
tion is obtained from the expression. 


“Factors of Stress Concentration Photoelastically Determined,”’ 
by M. M. Frocht, JounnaL or MEcHANICs, vol. 2, Trans. 
A.S.M.E., vol. 57, 1935, p. A-67. Also, “Stress Concentrations 
Produced by Holes and Notches,” by A. M. Wahl and R. Beeuwkes. 
Jr., Trans. A.S.M.E., vol. 56, 1934, paper APM-56-11, pp. 617-625. 
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K =A X 17,000/P..................{1] | lieved that improvements in experimental technique can be made 


ae b which will bring the two factors closer together. 
where K = the factor of strength reduction, A = the normal or 


aa minimum area of failure, and P = the total load sustained. Thus, Fractures THRouGH PINHOLES 


Fig. 5 shows a set of fractures through pinholes in the bakelite 
specimens. Photoelastic stress patterns for this case, such as 
shown in Fig. 6, reveal high stress concentrations around the 
hole. Such failures can be explained on the theory that fracture 
originates at the points of maximum tension and occurs when the 
tensile stress reaches its ultimate tensile strength. No quantita- 
tive check can be given for this case since, to the best of the 
writer’s knowledge, there exists neither a theoretical nor a com- 
plete photoelastic solution for this case.* 
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Fic. 7 Dimensions OF BAKELITE 
T SpecIMEN 
(Thickness = 1/;in.; load applied Fie. 8 FRAcTURE or BAKELITE 
= 750 lb.) T SpecIMEN 


Fic. 5 Fractures THrRouGH PINHOLES IN BAKELITE 
SPECIMENS 


Fie. 9 Errect or CLEARANCE AND Press Fit SHOWN 
DIAGRAMMATICALLY 


The high-stress concentration due to the action of the pin can 
be seen from tests to destruction of specimens of the type shown 
in Figs. 7 and 8. Here the factor of strength reduction is, by 
Equation [1], equal to 11. 


3 “Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, New York, N. Y., 1934, p. 120. Also, E. G. Coker and 
Kg Fukuda have investigated the stresses due to a xylonite ring 
Fic. 6 Pxoror.astic Stress ParTrerN oF SPECIMENS SHOWN 0.776 in. in diameter in a plate 6 in. wide, and give a factor of 

IN Fia. 5 stress concentration of approximately 6. ‘‘A Treatise on Photo- 
elasticity,”’ by E. G. Coker and L. N. G. Filon, Cambridge University 
pits : a Press, 1931, p. 525. For the corresponding ratio of diameter of 
it is seen that the factor of strength reduction K is not much hole to width of plate, the author gets a factor of stress concentra- 
smaller than the factor of stress concentration K. It is be- tion of about 10. 
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This factor of strength reduction varies between wide limits 
and depends chiefly on the amount of clearance between the pin 
and the hole and the duration of the test. Numerous tests by 
the author as well as by other investigators‘ show that the effect 
of clearance is to weaken the member or to permit the develop- 
ment of high tensile stresses.5 

Tests show that for a specimen 3 in. wide the factor of strength 
reduction when changing from a '/,-in. pin with 0.001-in. clear- 


Fig. 10 Fracture oF BAKELITE T SPECIMEN HavinG DIMEN- 
SIONS LARGER THAN THOSE OF THE SPECIMEN SHOWN 
IN Fic. 7 


Fie. 12. Com- 
PRESSION OF BAKELITE SPECI- 
MEN WITH SMALL CENTRAL 
HoLe SHOWING THE FRACTURE 
Berore It Ran TO COMPLETION 


Fic. 11 Compete 
UNDER CoMPRESSION OF BAKE- 
LITE SPECIMEN WITH SMALL 
CENTRAL HOLE 


ance to a similar pin with 0.001-in. press fit may drop from 17.6 
to 8.4, with a similar ratio for other strips. 


THEORY IN EXPLANATION OF THE EFFECT OF CLEARANCE 


The weakening effect of clearance can be explained on the 


4“Spannungsverteilung in einem Querhaupt,’’ by E. Lehr, Zeit- 
schrift des Vereines deutscher Ingenieur, vol. 79, 1935, Figs. 16 and 17, p. 
1930. Also, ‘‘An Investigation of the Stress Distribution in Alu- 
minum Connecting Rods,” by R. L. Templin, Mechanical Engineer- 
ing, vol. 58, March, 1936. 

Augenstabproblem und verwandte Aufgaben,’’ by H. 
Reissner, Jahrbuch, Wissenschaftlichen Gesellschaft fiir Luftfahrt, 
1928, p. 126. 


theory that it permits local changes in the curvature at the points 
on the circular boundary lying on a line normal to the direction 
of the loads, thereby setting up tensile stresses. Another way of 
expressing it is to say that clearance permits local bending. 
This is illustrated in Fig. 9. The circular hole becomes deformed 
into an oval under the action of tensile forces and this results in 
changes of curvature which are accompanied by tensile stresses 
on the horizontal diameter. 

A tight pin similarly results in initial tension. Theoretically 
that pin would be the best which would set up no initial tension 


Fig. 13 oF PLANES AROUND THE HOLES oF 
SPECIMENS SHOWN IN Fias. 11 anp 12 


Fic. 14. Léper Lines Visiste ETcHinG anp 
SIMILAR TO THOSE OBTAINED IN STEEL 


and leave no clearance, that is, a perfect fit. However, experi- 
ments show that a little clearance is more detrimental than a 
moderate press fit. 

The effect of clearance can be utilized to demonstrate further 
the basic thesis of this paper. Fractures of T specimens of the 
type shown in Figs. 7 and 8 are rather inconsistent when there is 
clearance between the pins and the holes; failure occurring some- 
times through the larger and sometimes through the smaller 
head. However, when the pin through the smaller head is made 
0.001 in. oversize and the pin through the larger head is given 
an equal amount of clearance, then failure not only consistently 
occurs through the larger head, but it does so even under more 
adverse proportions of dimensions than those shown in Fig. 7. 
This is shown clearly by Fig. 10, representing a fracture of T 
specimen in which the width of the large head is 6 in., the width of 
the small head is 15/3: in. and the width of the shank is 1/;in. 


: 
: 
> 
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FRACTURES OF COMPRESSION SPECIMENS WITH CIRCULAR 
HoLes 


Figs. 11 and 12 show failures of bakelite specimens with a small 
central circular hole, under uniform vertical compressive stresses. 
The specimens are seen to have failed across a vertical plane of 
symmetry. Furthermore, all indications point to the conclusion 
that failure originated at the hole. 

Examination of numerous bakelite tensile fractures shows that 
the fractured surface appears granular and rough where failure 
starts, and is smooth, glass-like and of high reflecting power at 
regions away from the source of failure, differing in this respect 
from metal fractures in fatigue, which are smooth at the source of 
es failure. Inspection of Fig. 11 shows that the surface of fracture 

2 is smooth and polished everywhere except near the hole where it is 
granular, indicating that failure originated at the hole. Fig. 11 
furthermore shows concentric circular paths which are believed to 
represent progressive stages in the fracture. These paths have 


TTT 


Fie. 15 Notations Usep IN SOLVING FOR THE STRESSES 
AROUND A CrrcULAR HOLE 


their center at the hole indicating further that the disturbance 
emanates from it.¢ The visibility of the slip planes around the 
holes is shown in Figs. 13 and 14. The point under discussion is, 
perhaps, more conclusively proved by Fig. 12 which shows a 
fracture arrested before cleavage ran to completion. This 
rather unusual and puzzling failure can also be explained satis- 
factorily on the theory that fracture is due to maximum tension. 

The problem of the circular hole between fields of pure normal 
stress has received theoretically and experimentally a great deal of 
attention. In 1898 Kirsch’ gave a solution for the stresses around 
a circular hole in a plate of infinite width. The stresses for this 
case are® 


* This last observation was made by R. E. Peterson, Manager, 
Mechanics Division, Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 

™“Theorie der Federn,”’ by G. Kirsch, Zeitschrift des Vereines 
deutscher Ingenieur, vol. 42, January-June, 1898, pp. 429-436. 

*A derivation of these equations can be found in: “Theory of 
Elasticity,”” by S. Timoshenko, McGraw-Hill Book Company, New 
York, N. Y., 1934, article 28; also, Drang und Zwang,”’ by A. Féppl 
and L. Féppl, R. Oldenbourg, Munich and Berlin, Germany, 1928, 
vol. 1, article 52. 


and 


in which the notation is as shown in Fig. 13. 
At the boundary of the hole these stresses reduce to 


o, = Tr = 0 
and 


og = p (1 — 2 cos 26) 


It follows that at the boundary of the hole 


oo = —pfor@ =r 
and 
oo = 3pfor@ = + 


A significant feature of this stress distribution is found ip the 
fact that the stresses at the points on the boundary of the hole 


/ 


Fic. 16 Stress ABOUT A House 
(r = 0.094 in., d = 1.179 in., r/d = 0.080.) 


which lie on a diameter parallel to the applied stresses are op- 
posite in sign to the stresses at the points which lie on the diame- 
ter perpendicular to the applied stresses. 

The problem of a circular hole between fields of pure normal 
stress, located on the axis of a plate of finite width has been solved 
mathematically by Howland. The expressions are rather in- 
volved but the results are in excellent agreement with those from 
photoelasticity.? 

The complete stress distribution around the boundary of the 
hole for the case of a plate 1.367 in. wide and a hole 0.188 in. in 
diameter, with a factor of stress concentration of 2.54 is shown in 
Fig. 16. Here, as in the case of the piate of infinite width, the 
stresses on the vertical diameter are opposite in sign to those on 


®“‘On the Stresses in the Neighborhood of a Circular Hole in a 
Strip Under Tension,”’ by R. C. J. Howland, Philosophical Transac- 
tions of the Royal Society of London, series A, vol. 229, 1929, p. 49. 


2 3a‘ 4a? 
| 
3a‘ 
Tra = sin 26 

Or 
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the horizontal diameter. In a specimen subjected to compression 
there are consequently set up tensile stresses at points on the 
circular boundary lying on the vertical diameter. The fractures 
shown in Figs. 11 and 12 although produced by compressive 
loads represent nevertheless tensile failures. 

From photoelastic studies as yet unpublished it was possible to 
compute the tensile stresses at the time of failure. In four out of 
five specimens tested the tensile stresses at failure were 18,300 
18,500, 16,800, and 17,100 lb per sq in., giving an average of 17,700 
lb per sq in. as the tensile stress at the time of failure against the 
average ultimate tensile strength of 17,300 lb per sq in. The re- 
ported tests!® are believed to prove that in brittle materials fail- 
ure originates at points of maximum tension and that fracture 


10 All the tensile tests reported in this paper were made on a special 
testing machine described in Bulletin No. 12 of the Tinius Olsen Test- 
ing Machine Company, Philadelphia, Pa. 
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oecurs when the tensile stresses reach their ultimate strength. 
Indirectly, these tests corroborate the laws of stress distribution 
obtained from photoelastic investigations and the mathematical 
theory of elasticity. 
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A Review of Recent Research Work 


in Plasticity 


By A. NADAI,! EAST PITTSBURGH, PA. 


VISCOSITY AND PLASTICITY 


N 1932 a committee was formed in Holland for the study of the 
phenomena of the viscous and plastic deformations with the 
aim of investigating the relations existing between the various 

cases of flow of matter encountered in physics and in technical 
applications. The studies should also be extended to the methods 
for the experimental determination of the viscosity. 

In the introduction to the first report? which recently became 
available, it is pointed out that “the subject of viscosity is of far 
reaching importance in various branches of science.”” A few 
instances are quoted: In hydrodynamics the internal friction 
determines the motion of a liquid around solids. Here the condi- 
tions in the thin boundary layers adhering to the surface of solid 
bodies are of importance. The motions can frequently be treated 
under the simplifying assumption that the fluids are homogenous 
viscous liquids. This is still true for the slow movements of cer- 
tain amorphous substances, which ordinarily are considered as 
solids. Many anomalies are known, however, concerning the 
laws of motion of such substances particularly when the latter 
are not simple, and for example, consist of suspensions of small 
solid particles in very viscous liquids or when the elasticity of the 
fluid cannot be neglected. 

The first two chapters are written by the well-known hydro- 
dynamist, J. M. Burgers of Delft. Here the simplest types of 
relations between shearing stress and strain are formulated. It 
may be of interest to quote a distinction which is made between 
the terms “fluid” and “liquid.” The first is used in a wider sense 
for a substance in which stresses other than hydrostatic pressure 
will produce a continuously increasing deformation, but where 
there need not exist a unique relation connecting the strain rate 
with the stress. “Fluids” may also exhibit elasticity. A “liquid” 
is a substance which in the state of rest can support no other 
system of stresses than hydrostatic pressure. The shearing 
stress 7 in a liquid depends on the rate of shear, 7 is a function 


(vy shearing strain). Three important types of liquids are quoted: 
(a) the viscous liquid, for which 7 is proportional to t, 
(b) the second type is characterized by a function (1) which 
vanishes when = 0. For this kind of a substance a rather 


awkward name, ‘‘Nonnewtonian liquid” has been suggested in 
some publications, for which term perhaps “general viscous 
liquid” could be substituted. It will certainly not be easy to 
prove that Newton did not anticipate this more general kind of 
liquid, so why use his name in a negative sense? (c) A third group 
of substances is characterized by a discontinuity in the form of the 


1 Research Laboratories, Westinghouse Electric and Manufactur- 
ing Company. 

2 ‘First Report on Viscosity and Plasticity.’’ Prepared by the 
Committee for the study of viscosity of the Academy of Sciences at 
Amsterdam. Verhandelingen der Koninklijke Akademie van Weten- 
schappen te Amsterdam, Afdeeling Natuurkunde (eerste sectie), 
deel XV, no. 3—Noord—Hollandsche Uitgevers-Maatschappij, 
Amsterdam, 1935, 7 X 10'/: in., 256 pages. 


curve given in Equation [1]. The assumption is made that flow 
occurs when +r > ro and when tr < 1, y = 0, the fluid remains 
stiff. The limiting stress 7) was called by E. C. Bingham the 
“vield value” of the substance. Every definition contains ideali- 
zations of the general conditions. So also does the last one. 
Burgers indeed notes rightly (p. 13) that “‘it is sometimes a rather 
difficult point to state whether a definite yield value exists or not; 
with many substances it is possible that if only the means of 
observation should be sufficiently refined and the time of observa- 
tion taken very long, a flow could be detected for every value of 
r.”’ It may be added here that this has been observed precisely 
in the experiments on the slow “creep” of the metals. It is gen- 
erally accepted that “creep” in the ductile metals occurs at any 
stress at elevated temperature. The creep rates are exceedingly 
small when the stresses are small but increase considerably when 
the stress reaches certain magnitudes. 

An instructive portion of Burgers’ article is devoted to the de- 
scription of a number of simple mechanical models concerning 
the relaxation of stress. By combining an elastic member (an 
elastic spring) with a viscous member (a piston in a cylinder, the 
motion of which is retarded by a resisting force proportional to 
the velocity) mechanisms can be constructed which will exhibit 
the characteristic phenomena of relaxation. Models possessing 
a plastic limit may also be constructed. An interesting point to 
be mentioned is that “elastic”? and “viscous” elements when 
arranged “in series” show continuous creep while those arranged 
in “parallel” give hysteresis. Much space is devoted to acquaint 
the reader with the model of a solid by L. Prandtl. The ele- 
mentary bricks of this mechanical model are the atoms them- 
selves. The thermal agitation is included in their motions. 
The temperature law for the viscosity of certain simple liquids 


(A, b constants, 6 temperature) is mentioned. It fits remarkably 
well the experiments for a few liquids and has been derived by C. 
Andrade and 8. E. Sheppard independently. 

Viscosity and plasticity from a technical point of view are 
treated by Van Nieuwenburg. He bases his report mainly on the 
publications of the Society of Rheology in “Physics.” A few of 
the methods according to which the various types of viscosimeters 
and plastometers are built are briefly described and the behavior 
of such materials as rubber, resins, clay, glass is compared. A 
long chapter written jointly by W. G. and J. M. Burgers is de- 
voted to the plasticity of the crystalline substances (metals). A 
good portion of the material which is included in this last article 
has been reported in this publication on previous occasions and 
may therefore be omitted. The article brings out the various 
efforts, connected with the names of A. Smekal, R. Becker, FP. 
Orowan, G. I. Taylor, F. Zwicky and others, to obtain a satis- 
factory mechanism of the propagation of slip through a crystal. 


Puastic DEFORMATION OF SINGLE CRYSTALS 


The scope of this article* can perhaps be characterized by an 
introductory remark of the author that “the single crystal is the 


3“The Ultimate Strength of Metals,’’ by C. Andrade, Science 


Progress, vol. 30, no. 120, April, 1936, Edward Arnold & Co., 
London, pp. 593-610. 
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brick of which metals are made without appreciable mortar.” 
Andrade is mainly concerned with the mechanism of slip in single 
metallic crystals and with a critical comparison of the imperfec- 
tions in the crystal lattices. In amorphous solids these are in- 
visible cracks in accordance with the ideas of Griffith. The author 
mentions direct proofs for the existence of invisible cracks on glass 
or fused quartz, which he obtained from the fact that minute 
crystals deposited on a smooth surface of glass will always form 
at the same places where the submicroscopic cracks are located. 
Griffith’s theory of strength which is well applicable to amor- 
phous solids and to the brittle fracture has, however, not yet been 
quite successfully extended to the crystal. For the crystalline 
state hypothetical “places of misfit”? must be assumed in the sense 
suggested by G. I. Taylor. Cracks cannot explain the experi- 
mental facts of strain hardening and of the low actual strength 
values found in metals when these latter are compared with the 
high values of the molecular strength. The conception of the 
“Lockerstellen,” that is of loosely connected portions within the 
erystal, is not satisfactory nor is the conception of periodically 
condensed and expanded regions in the lattice (blocks). 

The nature of the places of misfit is probably better described 
by irregularities in the arrangements of the atoms in the lattice 
occurring periodically in small distances leaving one atom out in 
one of the rows. These dislocations may be “frozen Brownian 
movements.”’ Against the invisible cracks speaks the large sur- 
face energy which would otherwise have to be accounted for. 
The theory has to explain why the polyerystal is much stronger 
than the single crystal and that in general the finer the grain 
the stronger the metal. The first fact is probably due to the 
stopping of the surfaces of slip at the boundaries of adjoining 
grains which must be deformed elastically or permanently to 
permit the distortion to develop. 


CREEP OF METALS 


At the Fourth National Applied Mechanics Meeting of The 
American Society of Mechanical Engineers in Pittsburgh on 
June 12, 1936, the mechanical aspects of the designing of machine 
parts for service at elevated temperatures were discussed. 

In opening the discussion C. R. Soderberg of Philadelphia said 
that although the problem of strength at elevated temperature 
has been under active consideration for a number of years, a 
large part of the information which has been gathered was found 
to be insufficient and would not lend itself to a generalization of 
the results. These circumstances led him to take a “‘somiewhat 
dogmatic” point of view when reviewing these questions. Some 
of the experimenters have used power functions to express the 
relation between certain of the variables such as stress, strain, 
creep rate, and time, while other observations served to support 
the logarithmical speed law between the stress and the rate of 
strain. After replotting a number of long-time creep curves, 
which were obtained in tests by P. G. MeVetty and by others, 
Soderberg arrived at the conclusion that the curves which show 
the permanent creep strain e” as a function of the time ¢t under a 
constant stress ¢ = const can be represented in certain cases by 
expressions of the form 


8) a t 


where 8, E, to are material constants. In other words the creep 
ordinates of the long-time curves at a given time ¢ appear multi- 
plied with a factor depending only on the stress ¢. Physically it 
is assumed that the mechanical properties of the metals are under 
continuous changes under the prolonged action of temperature 
and time. An interesting application was then made of Equation 
[3] to the relaxation problem of a bolt. The long time curve 
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may be utilized to predict the function according to which the 
stress o in a tightened turbine bolt will decrease with time t. 
The condition for this relaxation is that the elastic strain «’ in 
the bolt gradually is transformed in a permanent strain e”. 

Valuable ideas were presented by Soderberg concerning the 
creep problem under combined stress. The theory is based on three 
well-established rules for stationary flow, namely that the princi- 
pal stress directions coincide with the principal strain directions, 
that the volume remains constant, and that the three principal 
shearing strains are proportional to the principal shearing stresses. 
He introduces the two invariants s and e of the states of stress 
and of strain respectively: 


s= 


1 
2 [4] 

2 
e= —«)* + eee 


(o1, o2, principal stresses, €;, €2, principal strains). 
strain relations can be expressed in the simple form 


The stress- 


The preceding equations together with the aforementioned three 
rules contain what may be termed here the cinematics of sta- 
tionary plastic flow. As nothing has yet been said about the 
relation between stress and the rate of strain (the creep rate), 
further experimental evidence must now be introduced. For the 
speed law Soderberg suggests the following function: 


It expresses how the strain invariant e increases with time ¢ due 
to creep when the stress invariant s has a given constant value. 
Equation [7] is the generalized creep-time curve for constant stress. 

This is a brief sketch of this admirably concise theory, which 
leaves ample possibilities for future developments. It seems also 
sufficiently flexible to leave the road open for revisions when 
more experimental material will become available. 

Valuable similar methods for the treatment of creep problems 
were discussed by the next speaker J. Marin of New Brunswick. 
He suggests for simple tension to assume that the creep rate 
u” = de"/dt is a power function of the stress: 


(A, n constants). This would limit the creep curves e” = f(t) 
to their straight portions when stress o = const. This relation 
serves him for predicting the stress-distribution in a beam sub- 
jected to creep in bending or in a round bar subjected to creep 
in torsion, when Equation [8] is replaced by an equivalent func- 
tion for shear. 

Dealing with the problem of creep under combined stress, R. W. 
Bailey’s recent work‘ was mentioned and reference was made to 
the theory of plastic flow of de St. Venant (1870). According to 
Marin the third of the three rules which were quoted above, 
namely 


@—¢& €3 41 
= k = const. 


0, — @2 


4 ‘Design Aspect of Creep,’’ by R. W. Bailey, March, 1936, issue of 
the JouRNAL oF AppLieD Mecnuanics, Trans. A.S.M.E., vol. 58, 1936, 
p. 
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cannot be applied to the problem of creep. This remark perhaps 
needs comment. Marin attributes the equation group [9] to St. 
Venant; it should be noted, however, that it was given by St. 
Venant neither for the three- nor for the two-dimensional case of 
stress with which he was concerned only in this form. He and 
other investigators since have assumed correctly that corre- 
sponding shearing stresses are always proportional to the corre- 
sponding rates of shear. The tensor of the rates of strain must be, 
by the way, not necessarily coaxial to the strain tensor. In the 
special cases when all three tensors are coaxial, the strain rates in 
Equation [9] may in certain cases be simply replaced by the strains. 
St. Venant’s equation which would be equivalent to our Equation 


de 
[9] contains the rates of strain w, ue, us | u= - ,where the strains, 


€1, €2, 63, appear in our Equation [9]. A further point in connection 
with the interpretation of the Equation group [9] and in particu- 
lar also of the “constant’”’ k seems in order. Equation [9] was 
originally given when thinking of a pure plastic equilibrium, that 
is, assuming that plastic flow is maintained under constant yield 
values of the stresses. The stresses o1, 02, ¢3 at a plastic limit 
being given, the triple Equation [9] has a sense only when k is 
an indefinite constant. The plastic strains start when k = 0 
and increase with k. 

When the stresses are functions of the coordinates x, y, z 
(but otherwise constant) k becomes also a space function, de- 
pendent on z, y,z. This function was defined (with exception of a 
factor) by the theory of Mises-Hencky. We must be aware 
however of the fact that the components of strain will remain 
always undetermined (a common factor in their expressions being 


undetermined) and we can therefore not expect to find other 
than ambiguous values for strains or strain rates when using the 
old St. Venant or the new special Mises-Hencky theories of 
plastic flow. 


d 
If for the strains « the strain rates u = z are substituted in 


Equation [9] we may distinguish a few interesting cases: 

(a) k is a true material constant. Stress is proportional to 
strain rate in the sense as assumed in the theory of viscous liquids. 
The case k = const is indeed the case of pure viscous flow, with a 
constant viscosity coefficient which is closely related to our con- 
stant k. Assuming equilibrium between the stresses, this leads 
to the case of creep or of the slow motion of a very viscous ma- 
terial. 

(b) If kis left undetermined but assumed as not dependent on 
stress, we need naturally one additional condition or a new equa- 
tion. For example a condition of yielding or of plasticity may be 
introduced which must be satisfied by the stress components. 
This leads us back to the theories of St. Venant or Mises-Hencky 
for stationary plastic flow. The strains remain now undeter- 
mined as explained before. 

(c) If k is a function of the stresses, the new interesting case 
of a material with a variable viscosity (dependent upon stress) 
may be constructed and a “speed law’ be expressed. 

In his discussion Marin introduces such a relation by utilizing 
the power function law Equation [8] and by expressing the rate 
of dissipation of distortional energy. He finally compares his 
results with those by Bailey and with experiments and finds 
that all do not differ too much from each other. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Stresses in Pressure Vessels 


By JOHN L. MAULBETSCH! anp MIKLOS HETENYI,? ANN ARBOR, MICH. 


INTRODUCTION 


N THIS paper a pressure vessel is considered as being a con- 
| tainer having the form of a surface of revolution, and with 
a wall thickness small compared to the radii of curvature of 
the wall. 
It is proposed to give the procedure permitting the computa- 
tions of stresses and deformations resulting from a uniform 
internal pressure. 


GENERAL REMARKS RELATIVE TO STRESSES IN PRESSURE 


VESSELS? 


If the wall were very thin and offered no resistance to bending, 
the wall would be subjected only to direct stresses uniformly 
distributed over the thickness, i.e., the wall is acting as a mem- 
brane, and these stresses are called ‘‘membrane stresses.” 

When the wall offers resistance to bending, bending stresses 
occur in addition to the membrane stresses. In the usual types 
of pressure vessels where the wall thickness is small relative to 
the other dimensions, bending stresses need to be considered only 
near points where there is a discontinuity in the slope or in the 
curvature of the meridian. At point A of the container shown in 
Fig. 2, there is an abrupt change in the radius of curvature. 
These stresses are called “discontinuity stresses.” 

In order to determine the state of stress of a pressure vessel 
it is necessary to find (1) membrane stresses; (2) discontinuity 
stresses. From the superposition of these two states of stress, 
the total stresses are obtained. 


NoraTIONs 
The following symbols are used, see Figs. 1 and 2. 


h = wall thickness in inches 
R = radius of discontinuity circle in inches 


1 University of Michigan, Ann Arbor, Mich. 

2 University of Michigan, Ann Arbor, Mich. ” 

3 The method described in this paper was developed in ‘“‘Uber die 
Festigkeit Achsensymmetrischer Schalen,’’ by J. Geckeler, For- 
schung auf dem Gebiele des Ingenieurwesens, Heft 276, 1926. The same 
results were also obtained in ‘Zur Festigkeitsberechnung von Hoch- 
druckkesseltrommeln,”” by E. Meissner, Schweizerische Bauzeitung, 
vol. 86, no. 1, 1925, p. 1. 

The following papers may be consulted for further references: 
“Strength of Materials,’ by 8S. Timoshenko, vol. II, D. Van Nos- 
trand Company, New York, 1930, p. 515, and ‘‘The State of Stress 
in Full Heads of Pressure Vessels,’’ by W. M. Coates, Trans. A.S. 
M.E., vol. 52, 1930, paper APM-52-12. A paper ‘Die Festigkei- 
tsberechnung achsensymmetrischer Béden und Deckel,” by F. 
Schultz-Grunow, /ngenieur Archiv, vol. 4, no. 6, 1933, pp. 545-556, 
shows several applications of Geckeler’s method. 


R, = radius of curvature of meridian in inches 
R, = radius of curvature normal to meridian in inches 
¢o = angle between axis of revolution and normal to wall 
IN 
Le 
2 
& 
% 
S 
2 
x 
4 
Fia. 1 
w = radial displacement in inches 
0 = angle of rotation of edges of vessel 
8 = distance measured along meridian from discontinuity 
circle 
E = modulus of elasticity, lb per sq in. 
= Poisson’s ratio 
Eh’ 
= flexural rigidity = —_———— 
12(1 — yu?) 
3(1 — 
r = wall characteristic = \ cael 
R,*h? 
o1y = meridional membrane stress 
24 = hoop membrane stress 


Forces and moments per unit length, positive direction shown in 
Fig. 1. 
T; = normal meridional force, lb per in. 
T: = normal hoop force, lb per in. 
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Q == shearing force in cross section perpendicular to meridian the data given in Table 1 is explained here by considering the 
Ib per in. pressure vessel shown in Fig. 2. It consists of a cylinder closed 

M, = meridional bending moment, lb 

M, = hoop bending moment, lb 


ee Discontinuity stresses assumed uniformly distributed over wall 


thickness: 
T; 
ile the meridional stress, lb per sq in. 
‘2 hoop normal stress, lb per sq in. 
Q 
T 7° meridional shearing stress, lb per sq in. 


Bending (discontinuity) stresses which vary linearly over 


thickness of wall. If bending moment is positive, the maximum sf 
tensile stress is located on the outer wall surface and maximum PART I--k- 
compressive stress on inner wall surface: War 
6M, 
o,' = —— maximum meridional bending stress, lb per sq in. 
6M, Q 
o' = rj maximum hoop bending stress, lb per sq in. P Q% 6 
Subscripts: J refers to part J of split vessel; JJ refers to part (6) ; Waa 
IT of split vessel. PART IT-> 
DETERMINATION OF STRESSES — 
54 The procedure to be followed in determining the stresses_from Fic. 2 
TABLE 1(a)— MEMBRANE STRESSES AND RADIAL DISPLACEMENT DUE TO UNIFORM INTERNAL PRESSURE p 
S, MERIDIONAL STRESS HOOP STRESS RADIAL DISPLACEMENT 
R 
h: Wall Thickness 
TABLE 1(b)— RADIAL DISPLACEMENT AND ANGLE OF ROTATION OF ED6E DUE TO Qo AND Mo 
wrt Oth RADIAL DISPLACEMENT ANGLE OF ROTATION 
MG 
/ / 
; M, 
- Spat x SING, 
PART IT 
_ Me 
(Positive Direction of 2DA* 
re, TABLE 1(c) — EXPRESSIONS FOR DISCONTINUITY STRESSES 
7: 
Hoop Normal! Stress = » To= es [Q.xcosas -AM, (cosas -sinAs)] 
Merid. Shear Stress 7 es [Ro (cos As~-sinAs) t2AMo sin As] 
Max. Merid. Bend. Stress » 4 [-@ sinAs+AaM, (cos AstsinAs J] 
t 
Max. Hoop Bend. Stress 03 = 55°, +D(/-u*) [Qo(cos As +sinAs)-2AMo cos Ag 
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by a semielliptical head, and submitted to a uniform internal 
pressure p. 

The pressure vessel is assumed to be split into parts J and JJ 
along the circle where there is a discontinuity, line AA, Fig. 2a 
and 2b. Due to the action of the membrane stresses, each part 
expands radially by a different amount. Knowing the mem- 
brane stresses which are directly found from the conditions of 
equilibrium, Table la, these radial displacements may be com- 
puted. 

In particular for the vessel of Fig. 2, the membrane stresses 
along circumference AA are from Table la: 


Meridional stress = 
In semielliptical head 
R 
Hoop stress mM = (2 2) 
R 
Meridional stress = [1] 
In cylindrical part 
pR 
Hoop stress = 


The radial displacements along AA are then, taking u = 0.3 
R R? R 
Semielliptical head: war = (oom — uoim) = (11 Z) 


R R? [2] 
— = 85 


Cylindrical part: E Eh 


= 
The difference in radial displacement 6 between head and circular 
portion is then 


In order to reassemble the two parts it is necessary to apply 
uniformly distributed shearing forces Qo and bending moments 
M, along the edges. Qo and Mo must fulfill the conditions that: 

(1) The radial displacements of head wi, and cylindrical part 
w,;, due to Qo and Mo must cancel the membrane displacement 4 
found from Equation [3] 


(2) The angles of rotation @, and @,, of the two edges must be 
the same 


The equations for the displacements w: and wi, and the rota- 
tions 6; and 611 of the edges are given in Table 1b. 

Applying these formulas to the pressure vessel of Fig. 2, we 
get 


Q __ PRR 
Ds RR, 
Mo My 
from which it is found 
pR 
Qo R, an 0 [ ] 


It is to be noted that, if the head and the cylindrical part have 
the same wall thickness and the same slope at the line of junction 
the bending moment Mp is zero. 

Knowing Qo and M,, the discontinuity stresses at any point of 
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the wall may be calculated from the equations given in Table lc 
and from the curves of Fig. 3. The total stresses are obtained by 
adding _the discontinui stre 

If reinforcing rings are applied to the cylindrical part of the 
vessel, Fig. 4, and the rings are comparatively far (IA > 4) from 
each other, due to the restraint the rings are exerting on the 
radial expansion of the vessel, the longitudinal elements will be 
subjected to bending. The maximum stress originated in this 
way will be 


pR 
= 
0.857h 


where A denotes the cross-sectional area of a reinforcing ring. 


4.00 


0.8 


2 SA(cos sa sa) 


0.6 


+e SA cos sa 


0.4 


sin sa 
e-SA(cos sA-sinsa) 


-0.2 =... 
0 1.00 2.00 3.00 4.00 
Fia. 3 
| ! 
Fig. 4 


If the reinforcing ring is assumed absolutely rigid, A = -, 
the maximum bending stress occurring at the point of applica- 
tion of the ring will be 

pR 


h 


= 


which gives 82 per cent higher stress than that which existed in 
the vessel before the ring was applied. 

That spacing of the rings which does not cause any increase 
of stress is governed by the equation 


Decrease of stress in the wall of the vessel can be expected only 
when the reinforcing rings are spaced closer than given by the 
above formula. 


RANGE OF APPLICATION 


The above method may be applied when the thickness of the 
wall is small compared with the other dimensions of the vessel. 


\\ 
= IN 
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A ratio of h/R < 1/15 is considered as sufficient to expect good 
accuracy from the application of the given formulas. 

Discontinuity in the membrane displacements will occur in 
cases when in the wall of the vessel there is a (1) change in 
curvature; (2) change in slope; (3) change in wall thickness. 
In each of these cases discontinuity forces must be computed 
along hoop circles where the previously mentioned changes 
occur. 

The discontinuity stresses die out rapidly as may be seen in 
Fig. 3. In a distance of s 2 4/A, counted from the point of dis- 
continuity on the meridional arc, the value of these stresses be- 


comes negligible. If the change in curvature of the head is so 
sharp that along even such a short length the curvature cannot 
be taken as being constant, we must deal with a variable \ along 
the meridian. Solution for such cases can be obtained if we 
divide the meridian into ds portions along each of which the \ can 
be considered as constant and then we replace by 2Ads the con- 
stant As exponent in the equations of Table lc. For further 
details see paper by W. M. Coates.’ 

The same procedure can be applied if the variation of \ is due 
not to a change in curvature but to a change in the thickness of 
the wall. 


ix 
A 
‘ 
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Discussion 


Journal Bearing Performance’ 


J. F. Sprecev.? It is probable that the theoretical data made 
available through the analytical works of Michell? and Boswall‘ 
on the influence of side leakage in plane bearings was the incentive 
for the authors basing their calculations of the performance of 
journal bearings on the laws of plane bearings. Undoubtedly 
there exists a very close relationship between these two kinds of 
bearings as has been pointed out many times in the literature and 
as proved by the authors by their comparison of Needs® experi- 
mental results with Boswall’s‘ theoretical figures. 

On the other hand, the application of the laws of the plane 
bearing, according to the methods suggested by the authors, 
involves a number of additional steps which render the calcula- 
tions «! the performance of a journal bearing more intricate 
than the application of direct methods, as described for instance 
by Howarth. Therefore, it is questionable whether these 
additional efforts are justified by a greater accuracy of the results. 

For determining the side-leakage factors of the equivalent 
plane bearings, the active length of the journal bearing in the 
direction of rotation and the h;/h, ratio have to be calculated. 
Considering the occurrence of negative pressures, the active 
length is taken by the authors as the distance between the 
entrance edge of the bearing and a point midway between the 
point of nearest approach and the trailing edge. Now, in com- 
pliance with the results of the theoretical analysis of bearings of 
infinite length and the experimental results of Needs,’ there may 
be no negative pressure at all or the zone of negative pressure 
may even extend beyond the point of nearest approach, depend- 
ing on the loading of the bearing and the length-width ratio. 
Hence, the assumption made by the authors for the active length 
can be regarded only as a relatively rough approximation. 

As greater lengths of the active are are taken, the side-leakage 
factors will become more unfavorable. Therefore, in taking the 
whole bearing are for the determination of the side-leakage fac- 
tors, as done by Howarth,* one is always on the safe side. 

Furthermore, it cannot be said that the existence of negative 
pressure is wholly impossible. Bradford and Grunder’ have 
reported a negative pressure of 4.9 Ib per sq in. in a bearing with 
unobstructed side flow, and a negative pressure of 7.35 lb per 
sq in. in a bearing with sealed ends. In bearings with small 
unit loads, these figures cannot safely be left out of consideration. 

As to the term h;/h,, the value of h; has to be calculated sepa- 
rately from the angle of the point of the nearest approach. In 
the case of the plane bearing, the shape of the oil film is that of a 


1 By R. Baudry and L. M. Tichvinsky. Published in the December, 
1935, issue of the JouRNAL oF APPLIED MECHANICS, Trans. A.S.M.E., 
vol. 57, 1935, p. A-121. 

? Engineer, Kingsbury Machine Works, Inc., Philadelphia, Pa. 

3“The Lubrication of Plane Surfaces,’"” by A. G. M. Michell, 
Zeitschrift fiir Mathematik und Physik, vol. 52, 1905, pp. 123-127. 

4“'The Theory of Film Lubrication,’ by R. O. Boswall, Longmans, 
Green & Company, London and New York, 1928. 

5 “Effect of Side Leakage in 120-Deg Centrally Supported Journal 
Bearings,”’ by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, paper 
APM-56-16, pp. 721-732. 

*“The Loading and Friction of Thrust and Journal Bearings,” 
by H. A. 8S. Howarth, Trans. A.S.M.E., vol. 57, 1935, paper MSP- 
57-2, pp. 169-187. 

7 “Oil Film Pressures in a Complete Bearing,’’ by L. J. Bradford 
and L. T. Grunder, The Pennsylvania State College Bulletin, Engi- 
neering Experiment Station Series, Bulletin No. 39, September, 1930. 


straight wedge with the heights h, and h;. However, in the case 
of the journal bearing, the heights of the film plotted over the 
developed surface of the bushing follow varying parts of a cosine 
curve. Consequently, the condition of flow and pressure distri- 
bution will differ more or less from those in a plane bearing and 
it appears to be doubtful whether films with the same h,/h, ratio 
can be compared directly. 

An illustration of the existing differences is given in Fig. 1 of 
this discussion, in which the quantities of oil per 1 in. of width 
flowing into the film at the beginning of the bearing arc are shown 
for different 1/b ratios. Comparison is made between the experi- 
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mental results obtained by Needs for a 120-deg centrally loaded 
bearing and the theoretical values for corresponding plane bear- 
ings. As will be seen for a ratio of 1/b = 1, the flow of oil through 
the plane bearing is about 10 per cent greater than that through 
the journal bearing. From this it follows that for a given power 
loss the temperature rise of the oil will differ by the same amount, 
which fact may be of importance. ; 

Considering the previously stated uncertainties, and until 
experimental data are available for bearings other than the 120- 
deg bearing, the writer is of the opinion that there should be no 
objection to making use of only one set of side-leakage factors 
as given by Kingsbury* and reproduced by Howarth.’ As 


§ “Optimum Conditions in Journal Bearings,’ by A. Kingsbury. 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, pp. 123-148. 
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pointed out by Kingsbury*® and Howarth® these factors, though 
derived primarily for the optimum conditions, also will be reason- 
ably dependable for conditions not too far removed from the opti- 
mum; usually they will be on the safe side for extreme conditions. 

In the formula for the temperature rise through the oil film, the 
authors have introduced the factor k, referring to the flow of oil 
through a plane bearing of infinite width. This indicates that 
for a given h;/h, ratio, the authors have assumed the oil flow 
through a bearing of infinite width to represent the average be- 
tween the inlet oil flow and the outlet oil flow of a rectangular 
bearing. This is not quite correct, as will be seen from Fig. 6 
of the paper, but it may be taken as a fair approximation. The 
coefficients for the calculation of the temperature rise within the 
oil film as offered by Boswall‘ are based on the actual mean value 
of the rates of flow at the inlet edge and at the outlet edge. 

When dealing with the temperature rise of the oil, distinction 
has to be made between the temperature rise of the oil as sup- 
plied to the bearing and the temperature rise within the oil film 
proper. The latter will be greater since a large part of the oil 
flowing into the film is lost by side leakage. The final temperature 
of the total oil discharged from the bearing, which in turn de- 
termines the conditions in the oil well, is the result of a mixture 
of the cooler oil discharged at the sides and the hotter oil dis- 
charged at the outlet edge. 

The knowledge of the actual temperature rise within the film 
is of greatest importance because it enables one to determine the 
average operating viscosity of the lubricant. Therefore, due 
regard has to be given to the amount of heat carried away by 
conduction, convection and radiation. 

The following relatively simple method, which dispenses with 
coefficients taken from plane bearings, may be used for the 
determination of the average flow of oil in journal bearings. It 
is known that at the point of maximum pressure the rate of change 
of the circumferential velocity across the film is constant; there- 
fore, if the thickness of the film at this point is denoted by h,, the 
quantity of oil Q, flowing through this point per 1 in. of width 
can be indicated by the formula Q; = U(h,/2). 

For normal operating conditions and assuming constant vis- 
cosity throughout the film, the point of maximum pressure for 
centrally Joaded bearings is located, as shown by Kingsbury,® 
near to the line of the direction of load toward the trailing 
edge. If the viscosity decreases toward the trailing edge, the 
point of maximum pressure will move slightly backward toward 
the leading edge, so that it will be very close to or almost coincide 
with the line of direction of the load. Consequently, there can 
be no error of any practical importance involved by assuming the 
point of maximum pressure to be in the line of direction of the 
load and by determining h; from the angle @ given by the authors 
in Figs. 9 to 12 of the paper. There will be no further serious error 
involved in assuming that the quantity of oil flowing through this 
point represents the average between the quantities passing the 
leading and the trailing edge of the bearing. 

A check of this simple method has been made for the 120-deg 
centrally loaded bearings by comparing results obtained with the 
method with the average quantities as determined by Needs.® 
The quantities determined by the approximate method are some- 
what smaller. Therefore, results obtained by the described method 
are on the safe side so far as the temperature rise is concerned. 

Further, the authors offer an approximate method for de- 
termining the coefficient of friction and the minimum film thick- 
ness of the journal. This method is based on a comparison of 
the optimum conditions in the various kinds of journal bearings 
with the optimum conditions of plane bearings and it is assumed 
that the optimum conditions prevail over the entire field of the 
values of ZN/P. 

Fairly accurate results, of course, are to be expected in the 
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neighborhood of the optimum conditions. This holds true for a 
relatively wide range, as has also been pointed out by the authors. 
For example in a case as illustrated in Fig. 2 of the paper, the 
optimum conditions will be attained at ZN/P = 180, and the 
approximate method will furnish good results for values of 
ZN/P ranging approximately between 100 and 300. For larger 
values of ZN/P, which means, for eccentricities smaller than 
about 0.5, the difference between the approximate and the ac- 
curate curve grows rapidly as will be seen from Fig. 2 of the paper. 
Therefore, for values of ZN/P greater than 300, the application 
of the approximate curve no longer appears advisable. Values 
of ZN /P less than 100 will hardly have to be taken into considera- 
tion because in this region metallic contact begins. 

It is obvious that curves 1 and 2 in Fig. 2 of the paper 
intersect each other. From theoretical reasonings one would 
expect one curve to be tangent to the other at the point where 
ZN/P = 180, which corresponds to optimum conditions. 


I. A. Terry.® Several years ago the company with which the 
writer is associated made a series of tests to determine the coeffi- 
cient of friction for some standard bearing sizes. These tests 
involved pressures from 50 to 800 lb per sq in. and velocities 
from 400 to 10,000 fps. Oil with a Saybolt viscosity of 250 sec 
at 40 C were used in the tests, which were conducted at a main- 
tained room temperature of 30 C. By this means the equivalent 
of expected operating conditions was duplicated as closely as 
possible, i.e., standard bearings may be applied throughout a 
very wide range of speeds and loads, and about the only con- 
stants involved are the kind of oil used and the room temperature, 
both of which are specified by operating instructions for electrical 
machines. Under such conditions, the actual viscosity of the 
oil in the oil film varies greatly since the operating temperatures 
themselves vary. 

The test data were analyzed to obtain as simple a formula as 
possible for calculating with a log-log slide rule the approximate 
bearing loss. To allow for operating contingencies of lower room 
temperature, imperfect alignment, and finish imperfections, the 
formula was adjusted to give answers 15 or 20 per cent high. 


This formula is 
1.2 
KW = 3 AP ( 
10,000 \ 1000 


Where A is the net (projected) area; P is the pressure on this 
area, lb per sq in.; N is the speed, rpm; and d is the average 
bearing diameter, in. 

An expression for coefficient of friction then becomes 


0.05 ( Nd 
1000 

The solutions of these formulas are very simple when made with 
a log-log slide rule, but they are rather cumbersome when solved 
with other types of slide rule. 

It is to be observed that in these formulas the identity ZN /P 
has been lost entirely. But this is to be expected when data are 
analyzed for overall instead of particular conditions. 

The formulas have been checked from time to time with test 
data on our own machines and also those in the published litera- 
ture. In the present case it gives values of f between 10 and 20 
per cent above those obtained by the authors for the 6 X 12-in. 
bearing, although it gives values 100 per cent above those obtained 
by the authors for the 30 X 60-in. bearing. The writer has not 
had an opportunity to determine whether this is a result of dif- 
ferent conditions or different constructions. 


* Motor and Generator Engineering Department, General Electric 
Company, Schenectady, N. Y. 
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AvuTHORS’ CLOSURE 

From Mr. Spiegel’s discussion one can see that sometimes, by 
making rough approximations, it is possible to learn within 
reasonable limits how a bearing will perform. It should also be 
noted that even the most complete theories developed so far, 
even for the plane bearing, all represent approximate solutions. 
For example, the side leakage has been determined by Michell 
for the plane bearing by assuming constant viscosity, and neglect- 
ing the inlet conditions. 

From Needs’ analysis’ of the 120-deg bearing, the points of 
negative pressure, which determine the active length of the oil 
film, is located 19.5 deg from the trailing edge of an infinitely 
wide bearing with an eccentricity factor of ¢ = 0.8; 22.5 deg 
from the trailing edge of a bearing with an 1/b ratio of 1 and an 
eccentricity factor of ¢ = 0.8; 29 deg from the trailing edge of a 
bearing with an 1/b ratio of 4 and an eccentricity factor of ¢ = 
0.8; and 6 deg from the trailing edge of a bearing with an 1/b 
ratio of 4and an eccentricity factor of 0.2. 

The author’s assumption gives 15 deg for c = 0.8 and 4 deg 
for c = 0.2. These eccentricities are about the smallest and 
largest at which a 120-deg bearing operates and therefore this 
assumption seems to be quite reasonable. The data of Karelitz 
and others who assumed the active length of the oil film ex- 
tending from the inlet to the point of nearest approach, for the 
oil film thickness and the coefficient of friction, are also in very 
good agreement with those of Howarth. There has been much 
controversy regarding the negative pressure in the oil film. 
The maximum positive pressure is usually of an order of 300 to 
500 lb per sq in. while the negative pressure as mentioned by 
Mr. Spiegel is between 4.9 and 7.35 lb per sq in.; it is obvious 
that this relation of the negative pressure to the maximum 
positive pressure will not change appreciably the shape of the oil 
film 

The authors have applied their method of calculation for 
quite a few years to the design of bearings and have found that it 
gives good results, not only in showing how the bearing will per- 
form but also in showing the influence of the different factors 
used. The operation of a given type of bearing is primarily a 
function of the characteristic number ZN /P which is now widely 
used by many authors. Messrs. Howarth* and Needs® in their 
very complete and useful papers give the performance of a bear- 
ing as a function of (F/ZN)(n/r)? which leads one to believe 
that the clearance ratio (/r) has a very large influence. Plot- 
ting the performance of different types of bearings as a function of 
ZN/P shows that a hearing (particularly a small-are bearing) 
will operate very near to the optimum condition over a wide 
range as shown in Figs. 10, 11, 12, and 13 of the paper. 

The oil-film thickness h at the point in the direction of the load 
might be used in some cases, as suggested by Mr. Spiegel, to ob- 
tain a fairly close value of the average oil flow, but this does not 
give any information regarding the values of the side leakage. 
As mentioned by Karelitz,'® the latter is very important in many 
types of bearings where the side leakage represents the amount 
of oil which must be supplied externally, and the amount of oil 
flowing at the outlet usually is recirculated. 

No additional steps are necessary to calculate the perform- 
ance of the bearing, the factors a and h;/h, are obtained directly 
from Figs. 10, 11, and 12 of the paper. The factor K, in Fig. 4 
of the paper is determined by the location of the point of 
maximum pressure in a plane bearing and the authors have also 
found that, as shown on Fig. 1 of Mr. Spiegel’s discussion, a 
fairly good agreement is obtained with Needs’ results;> the 
value of the flow of oil thus found is sufficiently accurate for 
estimation of the temperature within the bearing. 


10 ‘Performance of Oil-Ring Bearings,”’ by G. B. Karelitz, Trans. 
A.S.M.E., vol. 52, 1930, paper APM-52-15, p. 161. 
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In Fig. 2 of the paper the dot-dash curve is calculated on the 
basis of the more accurate method than the dashed curve which 
is calculated according to the approximate method assuming 
optimum conditions throughout a wide range. The curves 
are not necessarily tangent because, as explained in the paper, 
for the approximate method the complete developed are of the 
bearing is used due to which a larger leakage factor K, is ob- 
tained than for the more accurate method. 

It is of interest to note that the approximate method agrees 
more closely with the test results than the more accurate method. 
The approximate method is used commonly by the authors; 
the more accurate method is used mainly for determination of 
oil flow and temperature rise. 
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Fig. 2 


The best justification of the validity of the method used by 
the authors is its close agreement with the experimental data 
obtained by Needs for the coefficient of friction and the minimum 
oil-film thickness as shown in Fig. 2 of this discussion. From 
this figure it is also seen that by using only one set of leakage 
factors for a ratio h;/h, = 2, as done by Howarth and other 
authors, another rough approximation is made which may not 
always be on the safe side. 

The authors have also found this method very useful for 
determining the performance of the 90-deg clearance bearing 
for which data similar to those obtained by Needs on the 120- 
deg bearing are not yet available. S. J. Needs applied the data 
in his paper’ to the solution of a problem involving a 120-deg 
bearing in which the diameter d = 10 in., the load F = 25,000 
lb, the speed N = 1500 rpm, the oil viscosity Z = 23.5 centi- 
poises, the active length of the oil film 7 = 10.47 in., and n/r = 
0.00151. Mr. Needs found that the coefficient of friction f = 
0.00326, the oil-film thickness at the outlet h, = 0.002935 in., 
and the flow of oil at the inlet V; = 21.9 cu in. per see. When 
the authors’ method is applied to the same bearing it is found 
that f = 0.00335, h, = 0.0029 in., and V; = 19.9 cu in. per see. 

Attention is called to several errors in the original paper. 
In Table 1, /(ZN/P;) should appear as R,,K’,, 


V(ZN/P,). Also in Table 1, 0.025 R, - P, should appear as 
A 


0.025 R, Jj 


l 
7. P; 3 Also in Table 1, as well as in the equation just 
h 
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K', R, P; 
beneath Fig. 12, 0.00658 aa: Se Ras should appear as 0.00658 
ho ho +¥P 
—! R, md . In the nomenclature p = the specific weight of 
K’,, 


oil should read, p = the specific heat of oil. The equation just 


preceding the conclusions should read 
x P, 
t, = 0.00658 R, —*- =9.4C 
K',, Kye 
In Fig. 13, the lower limit for the clearance ratio of a 180-deg 
bearing should be »/r = 0.00014 1/(ZN/P,). 


The Rate of Growth of Fatigue 
Cracks’ 


Tuomas C. RatHsone.? The subject of fatigue cracks is of 
vital interest not only to the manufacturer and the user of me- 
chanical equipment, but is also of tremendous concern to those 
who are in the business of inspecting and insuring such equip- 
ment against accidents. Incidentally, the development of the 
magnaflux inspection method by Dr. deForest has, within 
the writer’s experience, proved to be a valuable contribution to- 
ward providing an effective means for the detection of fatigue 
cracks and other discontinuities in magnetic material. 

In his paper, Dr. deForest recognizes that the conventional 
endurance limit for a material furnishes inadequate information 
as to just how the part will behave in service, because of the 
variables involving crack initiation and crack propagation. He 
then describes experiments which were carried out to evaluate 
the rate of propagation of the crack for various conditions. 

The practical importance of knowledge of rate of progress of 
a crack can well be illustrated in connection with inspections of 
steam-turbine blading, which usually cannot be carried out oftener 
than once a year. There has always been the apprehension that 
between inspection periods a crack may begin in a blade and 
progress to the breaking point and then cause a blade wreck. 

It is to be hoped that the author’s studies will be carried fur- 
ther. The following comments and suggestions are intended to 
be constructive, and to point out some of the practical aspects 
of the problem which actually have been encountered. 

To make a start in these studies, Dr. deForest uses on rotating- 
cantilever specimens with constant loading, the change in cir- 
cumferential length of the crack as a measure of growth. The 
data are limited to cracks not exceeding 0.1 in. When the test 
is carried beyond these limits some accounting will be necessary 
for the change in section and extreme fiber distance. 

The rate of progress may be affected by the length and position, 
or moment of the line of advance of the crack. In this connec- 
tion, it would be in order to conduct tests on a bar subjected to 
combination bending and torsion. Instead of the half-moon 
shapes of cracks described in the paper and shown in Fig. 1a of 
this discussion, it is possible to obtain cracks such as shown in 
Fig. 1b of this discussion which are much greater in area than the 
exposed surface crack would indicate. 

There occur in practice a great many cases of fatigue cracks 
resulting from stress reversals due to vibration, often of a reso- 
nant nature. Here the loading and bending moment is not con- 
stant, as it is in the rotating cantilever tester. Rather, the bend- 
ing moment depends on the amplitude of vibration (a function 
of resonance ratio) and the mass moments involved, as well as 
the characteristics of the section at the node. 


1 By A. V. deForest. Published in the March, 1936, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 58, 1936, p. 
A-23. 

? Chief Engineer, Turbine Division, Engineering Department, 
Fidelity and Casualty Company of New York, New York, N. Y. 
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Thus, the progress of the crack depends on how long a period 
the large amplitudes are sustained. Under conditions approach- 
ing resonance with the exciting force, these amplitudes are quite 
variable. It would seem almost hopeless to attempt to predict 
the rate of progress under such circumstances. 

On specimens subjected to stresses above the fatigue limit, it 
is expected that a crack will start within ten or fifteen million 
reversals. Failures have occurred on many steam-turbine blades 
having vibration frequencies above 500 per second. Theoreti- 
cally, the failure should have developed within the first 8 or 10 
hours of operation. Yet many cases are on record where such 
failures did not occur until after months and sometimes years 
of operation. Fatigue failures in turbine oil lines, which have 
resulted in disastrous fires, likewise occurred only after many 
billions of stress cycles. 

The most logical explanation is that the vibration at ampli- 
tudes which became great enough to set up stresses beyond the 
endurance limit was periodic and only of short duration, occurring 


Fie. 1 Types or Fatigue Cracks 


for example, only while the turbine was being started up and going 
through a resonant speed. Thus, years of operation might be 
required to develop a fatigue failure. 

The rate of growth of the crack will depend also on the shape 
of the section, and in bending will depend on the depth of the 
crack, particularly with the vibrating-cantilever system. As- 
suming a constant bending moment, the maximum stress at the 
spearhead of the crack increases as the crack progresses. With 
irregular sections, such as the blade section, the crack after 
progressing some distance often departs from the plane and curves 
off into some odd warped surface, influenced by the change 
brought about by the mode of vibration, and possibly by intro- 
duction of compound stresses. 

Where resonance with an exciting force causes the vibration 
amplitudes which start fatigue, the development of a crack 
should alter the section modulus and hence the natural frequency, 
and thus automatically inhibit the progress of the crack by 
tuning it out of synchronism. In practice, however, fatigue 
cracks do progress almost entirely through turbine blades to the 
point of straight tensile failure on the overloaded remaining 
area, apparently without any pause or diminution of vibration, 
although the natural frequency must have changed drastically. 

An extremely interesting phenomenon was encountered by 
the writer while carrying out fatigue studies on turbine blading 
in the mechanical-research laboratory at the South Philadelphia 
works of the Westinghouse Electric & Manufacturing Co. 

To avoid the slowness and other objections to the rotating- 
cantilever and the reciprocating type of fatigue tester, a special 
setup was made for subjecting the blade specimens to 120 
stress reversals per second. Fig. 2 of this discussion illustrates 
the setup. An extension was fastened to the blade, carrying 
a sliding weight, by means of which the blade system could be 
tuned to a desired frequency, in this case approximately 120 
cycles per sec. The magnets energized by 60-cycle current, pro- 
ducing 120 impulses per sec, could be made to set up almost any 
desired amplitude of vibration in the blade by adjusting the tuning. 

The amplitude at the tip, which developed the desired stress 
at the root, was controlled by a micrometer microscope. The 
amplitudes could be adjusted and maintained within close limits. 

A telechron clock was included in the magnet circuit, and a 
make-and-break arrangement at the tip of the blade was pro- 
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vided which permitted the master switch to remain closed as 
long as a predetermined amplitude of vibration was maintained. 

As soon as the crack started, the blade was almost immediately 
thrown out of resonance with the 120-cycle magnet impulses. 
This caused a reduction in amplitude, breaking the relay circuit, 
which in turn shut off the current. The telechron clock, with 
a day counter, thus recorded the number of stress cycles auto- 
matically without any attendance, and what is important, clocked 
the initiation of the crack rather than ultimate failure. 

The fatigue cracks usually were almost invisible. On one oc- 
casion, when the reduction in vibration amplitude indicated a 
well-developed crack in a nonferrous blade, the attempt was made 
to make the crack visible by painting the surface with whiting 
and kerosene. The magnets were still energized. The instant 
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the kerosene and whiting were applied to the crack, the blade was 
immediately thrown into violent vibration! 

It appeared that the original natural frequency had been re- 
stored in some mysterious way. A variety of tests were then 
made to explore this phenomenon. The tension half of the cycle 
appeared to be partially restored by the surface tension of the 
liquid in the crack. The compression half was very definitely 
affected by whiting, by magnetic-oxide rouge, and by a number of 
other similar powders, both wet and dry, which worked into the 
crack in some way. 

It was then determined that whereas the tuning was very sharp 
before the crack developed, it became very broad with the liquid 
and powder treatment, as indicated by the curves in Fig. 3 of this 
discussion. As some scale and solid matter are usually present 
in steam, the unhampered progress of fatigue cracks in vibrating 
blades may possibly be explained. 

Although slip along cleavage planes in crystals has been shown 
to presage the initiation of a crack, it is difficult, without de- 
stroying the specimen to make an examination, to determine the 
history of stress reversals to which a specimen may have been 
subjected. Assume that a number of identical specimens, such 
as a row of turbine blades, have been unintentionally subjected 
to two million stress reversals at a stress which should start a 
fatigue crack at, for example, three million reversals. How is 
this history recorded? Can these blades be treated in any way 
which will allow us to erase the two million cycles to which they 
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have already been subjected, and start anew? Shall the ap- 
parently good blades be salvaged or scrapped? Such questions 
always arise when several blades in a row are found cracked. 
Some engineers have adopted the commendable policy of salvag- 
ing such questionable blades only after a thorough magnetic- 
powder flaw test. 

Fatigue failures also occur in parts subjected to fluctuations 
at a high stress, rather than by complete stress reversals. In 
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Fie. 3. FreQquENCY CURVES OF VIBRATIONS IN UNCRACKED AND 
CRACKED SPECIMENS WITH PowDER AND LIQUID APPLIED TO CRACK 


cases encountered by the writer, the actual motion involved was 
microscopic. A case in point is a machine screw which had failed 
by a true fatigue crack progressing half way through the shank 
under the head. There was no possibility of movement such as 
is usually associated with bending or vibration. 

Finally, the writer would like to suggest that further studies 
be made of rate of growth of initial and more advanced fatigue 
cracks om specimens of various type sections subjected to re- 
ciprocating bending, to combined bending and shear, and also 
to fluctuating tension only. The effect of powders and liquids 
on the rate of growth of cracks already initiated would also seem 
to warrant further investigation. 


R. E. Pererson.* Fatigue failure may be considered as 
consisting of two phases: (1) The period up to and including the 
initiation of the crack, and (2) the period during which the crack 
spreads. Although Dr. deForest has confined his paper to the 
second phase of fatigue failure, some remarks concerning both 
phases may be of interest. 

A study of the first phase, the period up to and including the 
initiation of the crack, involves periodic micrographic examina- 
tion during the progress of a fatigue test. For this purpose a flat 
specimen arranged as shown in Fig. 4 of this discussion has proved 
satisfactory. By slightly cold working three of the fillet edges, 
failure can be localized so that the microscope need not be moved. 
It is believed that failure at the fillet should start at or near the 
flat surface since, if one considers criteria for slip in terms of a 
three-dimensional system, the middle is in a slightly more 
favorable condition with respect to not failing than the surface. 
Some typical micrographs of such failures are shown in Fig. 5. 

The specimens used in the writer’s fatigue tests were made 
from 0.20 per cent carbon steel with a conventional endurance 
limit of approximately 27,000 lb per sq in. A stress-concentration 
factor of 1.9, obtained from photoelastic data,‘ gave a stress of 
35,000 lb per sq in. in the fillet. Slip line marked A in Fig. 5b 
of this discussion, started to appear just after the specimen had 
been subjected to 30,000 cycles. Subsequent stressing resulted 
in more slip lines being formed, and also caused a marked widen- 


3 Manager, Mechanics Division, Westinghouse Research Labora- 
tories, East Pittsburgh, Pa. 

4 **Factors of Stress Concentration Photoelastically Determined,” 
by M. M. Frocht, JourNAL or AppLIED Mecuanics, Trans. A.S.M.E., 
vol. 57, 1935, p. A-67. 
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Fie. 4 Test ARRANGEMENT FOR MICROGRAPHIC STUDY OF FILLETS 


Two methods may be mentioned in connection with the study 
of the spreading of fatigue cracks: (1) The length of the crack 
can be measured on the surface after making the crack clearly 
visible by either the magnetic method used by Dr. deForest or 
the method employing oil and whiting. (2) Successive contour 
lines can be obtained by heat tinting. 

The method employing oil and whiting was used by Moore? 
in his studies of car axles. Moore’s curves are reproduced in Fig. 
6 of this discussion for comparative purposes. The heat-tinting 
method was used extensively by Professor Bacon® who attributes 
its development to Dr. F. Rogers. In this method, contour 
lines are obtained by removing the specimen from the machine 
at various intervals and heating it to temper color at tempera- 
tures between 250 C and 400 C. If temperatures of successive 
heatings are varied, the contours usually are found to be defined 
clearly after failure. The data® plotted in Fig. 7 of this discus- 
sion show that, at least for the type of material tested, no marked 
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{(a2) Specimen unstressed; (b) specimen at the end of 30,000 cycles; 
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Fic. 6 Moore’s Curves’ SHOWING THE SPREADING OF FATIGUE 
CRACKS 


ing of the slip line A as shown in Fig. 5c. Cracking, shown in 
Fig. 5d, occurred at 550,000 cycles and may have originated at 
the widened slip line A. Summarizing, fatigue behavior up to 
and including the initiation of the crack consists of (a) a period 
with no damage detectable microscopically, (6) a period of forma- 
tion of slip lines and widening of these lines, and (c) the initia- 
tion of the crack, usually at a place of severe slip.5 

Work along the foregoing lines, correlated with*a simultaneous 
determination of the “probable damage line,’’* would be of con- 
siderable interest. 

5 In this connection, Gough’s work on fatigue of single crystals 


and aggregates of a few crystals is of basic interest. See ‘Crystalline 
Structure in Relation to Failure of Metals—Especially by Fatigue,” 


- by H. J. Gough, Proceedings, American Society for Testing Ma- 


terials, vol. 33, part 2, 1933, p. 3. 
* ‘*Fatigue and the Hardening of Steel,’’ by H. J. French, Trans- 
actions, American Society for Steel Treating, vol. 21, 1933, p. 899. 


(c) at the end of 260,000 cycles; (d) at the end of 550,000 cycles. } 
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Fic. 7 Fatigues Data OsTaInep From Heat-TInTING TESTS OF 
NorRMALIZED 0.45 C STEEL 


change of behavior with respect to fatigue failure is introduced 
by the heat-tinting method. Incidentally, attempts to obtain 
contour lines by forcing dye or other liquids into the cracks were 
not successful. 

In Fig. 8, which accompanies this discussion, are shown speci- 
mens in which failure developed in a plane through the base of a 
peripheral notch of semicircular contour. Unfortunately, the il- 
lustrations do not give as much information as the actual speci- 
mens, which, by different shades of blue, show additional con- 
tour lines. 


7A Study of Fatigue Cracks in Car Axles,’’ by H. F. Moore, 
Engineering Experiment Station, Bulletin No. 165, June, 1927, p. 
20, University of Illinois, Urbana, III. 

> “Fatigue Stresses With Special Reference to the Breakage of 
Rolls,’”’ by F. Bacon, Proceedings, South Wales Institute of Engineers, 
vol. 47, 1931, p. 185. 

®* Data obtained by F. Cassel who, together with T. F. Hengsten- 
berg, assisted in obtaining the results reported in this discussion. 
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THe NoMINAL 


ENDURANCE STRENGTH OF THE GROOVED SPECIMEN Was 19,000 Ls Per Sq In. 


{Nominal stresses: (a) 28,000 lb per sq in., (6) 25,000 lb per sq in., (c) 22,000 lb per sq in. 
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Fig. 9 PENETRATION OF FATIGUE CRACK IN GROOVED SPECIMEN OF 
NoRMALIZED 0.45 C STEEL 


It is known from previous work!® that for stress-concentration 
specimens the rupture area is located centrally for high stress 
and becomes displaced from the center as the stress is lowered 
toward the endurance strength of the specimen. The illustra- 
tions in Fig. 8 of this discussion were taken several years ago to 
show how cracks progress in the previously mentioned cases. 
After reading Dr. deForest’s paper, the writer determined from 
the illustrations shown in Fig. 8 of this discussion the rate of 
crack progress by measuring the depth of the contour zones. 
The results are plotted in Fig. 9 of this discussion. It will be 
noticed that the curves are similar in shape to those shown in 
Fig. 6 of this discussion and in Fig. 2 of the original paper. 

It is hoped that Dr. deForest will extend his interesting work 
in the field of fatigue of metals. 


AvuTHOR’s CLOSURE 
The author thanks Mr. Rathbone for his discussion on the 


10 “‘Stress-Concentration Phenomena in Fatigue of Metals,”’ by 
R. E. Peterson, Trans. A.S.M.E., vol. 55, 1933, paper APM-55-19, 
p. 157. 


Cycles at failures: (a) 360,000, (6) 700,000, (c) 2,725,000. ] 


question” of fatigue. His Fig. 1 is particularly useful in showing 
that the stress conditions can be reconstructed from the ap- 
pearance of full-size fatigue failure occasioned in service. The 
proper interpretation of surface failures would be very valuable 
in any attempt to analyze complicated stress conditions inas- 
much as it would aid the designer in modifying any structure he 
designs so that the parts are made equally strong at all points. 
Mr. Rathbone also brings out the important point that any fa- 
tigue failure in service does not occur from a constant repetition 
of an exactly limited stress. For an accurate solution of a re- 
peated-stress problem, the number of loads of each magnitude 
of stress that are imposed in service should be known. At the 
pre ent time such information is extremely rare and usually can 
only be approximated under laboratory conditions. The 
peculiar resonance phenomena which Mr. Rathbone describes in 
the resonant fatigue machine on turbine blades may have im- 
portant application in practice, since this mechanism apparently 


‘will allow peculiar vibrations of a cracked part which, under nor- 


mal conditions, would no longer be in resonance with an existing 
force, and in which the stress would normally decrease as the fa- 
tigue crack progressed. 

In reply to the discussion by R. E. Peterson. the author agrees 
that we should have more knowledge of the phases of fatigue 
failure which consist of (1) the period before the start of the 
crack, and (2) the period after the first minute discontinuity has 
occurred. The conditions in the two phases are entirely differ- 
ent, but in the ordinary fatigue test no distinction is made be- 
tween them, although much information could be added to the 
fatigue-test results if such a separation were practical. 

The importance of determining the probable danger line in the 
selection of steel is well appreciated but has not been studied 
sufficiently. This function pertains to the first phase of the 
fatigue failure. Perhaps a lesser importance belongs to the 
phenomena of the second phase, i.e., the rate of growth of cracks 
in different steels. However, the second phase is of importance 
where periodic inspection of mechanism parts is possible, since 
experience has shown that by such inspection, using magnetic 
powder, a considerable number of fatigue cracks can be located 
between the time the crack starts and failure occurs. The period 
between the inspections can safely be lengthened if the steel in 
question is known for its property of propagating fatigue cracks 
at a slow rate. 

In closing, the author wishes to state that he supports Mr. 
Peterson in the plea for more work in testing the fatigue proper- 
ties of metals. 
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Book Reviews 


The Diary of Robert Hooke, M.A., 
M.D., F.R.S., 1672-1680 


Tue Diary or Rosert Hooke, M.A., M.D., F.R.S., 1672-1680. 
Transcribed from the original in the possession of the Corporation 
of the City of London (Guildhall Library). Edited by Henry W. 
Robinson, Librarian of the Royal Society, and Walter Adams, 
B.A. With a foreword by Sir Frederick Gowland Hopkins, O.M., 
President of the Royal Society. Taylor and Francis, London, 
1935. Cloth, 6 X 9 in., xxviii plus 527 pp., 11 illustrations, 25s. 


REVIEWED By J. N. GoopiEr! 


ROBERT HOOKE is most widely known to engineers and 

physicists as the discoverer of the law of elasticity and the 
inventor of the universal joint. The fame which is justly his as a 
scientific pioneer of astonishing versatility and inventiveness 
seems to have been unduly obscured. The tercentenary of his 
birth, 1935, was very happily marked by the publication of this 
Diary and by a revival of interest in his important contributions 
to biology, geology, and astronomy, as well as mechanics and 
physics. He was, moreover, a busy architect and surveyor, and 
later in life qualified as a physician. Physically he appears to 
have been ill-favored. Born a weakly child, he developed a 
bodily malformation at about sixteen, and all his life suffered 
from headaches, vomiting, sleeplessness, indigestion, and giddi- 
ness, now diagnosed as due to chronic sinus infection.? 

His inventive powers were remarkable from childhood. See- 
ing an old brass clock taken to pieces, he forthwith made a wooden 
one that would go, and after watching a painter at work, he 
produced a painting with colors he mixed himself from chalk, 
ruddle, and coal. On the death of his father, who ‘was not 
mathematical at all,” he was to be apprenticed for £100 to the 
fashionable portrait painter Lely, but his first impressions of 
what there was to learn persuaded him that he had better keep 
his money. He became a pupil at Westminster School, where his 
master, Dr. Busby, introduced him to geometry, then to me- 
chanics, “his first and last mistress.”” From Westminster he 
went to Oxford, where he was later assistant to Robert Boyle. 
It was he who wrestled with the difficulties of making a piston 
fit a cylinder, and he was responsible for Boyle’s “pneumatic 
engine’ used in the experiments on the elasticity of air. New- 
comen corresponded with Hooke on the subject of exhausting a 
cylinder fitted with a piston. 

These were the early, and difficult, days of the Royal Society, 
and when it was decided to appoint a curator of experiments, the 
choice fell naturally on Hooke, by this time well-known not only 
for his mechanical inventiveness, but also for his treatment of 
capillarity. He undertook “to furnish them every day when 
they met with three or four considerable experiments,” “and take 
care of such others as should be commended to him by the 
Society.” This itself, at a time when science was developing 
rapidly in so many divergent directions, would have assured him 
a busy life, but he was in addition professor of geometry at 
Gresham College (‘He proved to be one of the few contemporary 
Gresham professors who faithfully discharged their duties’’), 
Cutlerian lecturer, and architect and surveyor. After the great 
fire of London in 1666 he was much occupied as city surveyor. 


1 Ontario Research Foundation, Toronto, Canada. 
“Robert Hooke and his Contemporaries,’ by E. N. daC. Andrade, 
Nature, vol. 136, p. 359, 1935. 


He prepared a model for the rebuilding which is said to have in- 
corporated the checkerboard street plan, now so familiar in the 
cities of this continent. In many entries of the Diary one reads 
that he was at four or five different places ‘‘viewing”’ (i.e., survey- 
ing) sites, “agreeing” with contractors and workmen, visiting 
his instrument-maker, Tompion, and frequently berating him 


for slowness, and meeting his friends in taverns, coffee houses, 


and homes. In spite of his ill-health his work seems rarely to 
have been interrupted, although his preoccupation with his 
condition is reflected in the Diary, not only in descriptions of 
symptoms, but in the extraordinary variety of medicines he tried, 
one after another, to no real effect, but seemingly never losing 
hope, although ironically enough he records of the death of Lord 
Chester: ‘Twas believd his opiates and some other medicines 
killd him.” 

He not only formulated the law of elasticity, but applied it in 
the invention of the spring balance, pointed out the connection 
of the law with the property of isochronous vibration, and 
speculated as to what internal structure a solid might have to 
endow it with such properties. He realized the significance of 
the inverted catenary as a form for arches. Before Huygens he 
invented the spring-controlled balance wheel for watches, while 
aiming at a solution of the very urgent problem of determining 
longitude at sea. The anchor escapement is also his. He im- 
proved the telescope and microscope. With the former he de- 
vised telescopic sights, and with the latter he made many im- 
portant observations. His early work ‘‘Micrographia”’ is classi- 
cal. His biological ideas included a belief in the mutability of 
species. As a geologist he is described as far in advance of any 
other of the 17th century. He realized the possibility of identi- 
fying strata by their fossils and “raising a chronology out of 
them.” His observations of ‘‘Newton’s Rings” preceded New- 
ton’s own, and his views on combustion anticipate Lavoisier’s, 
but, like much else of his, have suffered long neglect. 

There is good reason to think that his achievements might 
have been even greater than they were, had not the distractions 
of his other employments hindered the proper development of 
his ideas. At all events when his surveying duties pressed on 
him, his repeated absences from meetings of the Royal Society 
brought censure for neglecting his office. 

The manuscript of this Diary was in the hands of Dr. Waller, 
who published a life of Hooke about 1705, and after his death 
passed to a Rev. Wm. Derham. Then nothing was known of it 
until it was bought in 1891 by the Corporation of the City of 
London at a private sale of the library of Moor Hall, Essex. 
The present editors, on a study of its contents eight years ago, 
came to the conclusion that a part, if not all, should be pub- 
lished, and went on to transcribe and interpret it. It is of great 
interest both for the history of science and the light it throws 
on the somewhat controversial question of Hooke’s character. 
The Royal Society made a grant in aid of publication, and a 
foreword is contributed by the former president, Sir Frederick 
Hopkins. The period covered by the part printed is August, 
1672, to the end of 1680. Hooke was born in 1635 and died 
in 1702, and the period consists of eight of. his most active 
years. 

Unfortunately not all the interesting scientific events with 
which Hooke was in touch at the time are recorded. The entries, 
in abbreviated, laconic style, are for the most part records of the 
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details of his private life, his surveying and architectural work, 
visits to coffee houses and taverns, his financial affairs, purchases 
of books, clothes, and other necessaries, and notes of his eating, 
sleeping, drinking. Once, a whimsical expression of thankful- 
ness in the middle of a list of debts: ‘I owe Mr. Loach for velvet 
coat and lyning £5, my shoomaker for 2 pairs of shoos and 
Goloshoos. ... Blagrave for wine 12 sh. Much love to all my 
friends I owe. Lever for quadrant 21 sh....’’ Elsewhere the 
astonishingly laconic entry, ‘invented flying chariott.”” The 
problem of flight had exercised him considerably from an early 
age. For a typical entry we may quote: “Monday June 15th 
Rose at 4. Mr. Amhurst desired a meeting this day at 3. Tryd 
helioscope by reflection. Hurt my eye much—prosecuted Heve- 
lius. Was at Lord Mayors and coffeehouse with Sir Ch. Wren. 
Lord pleased with accounts. Oliver a Raseall. Dean of Paules 
angry. At Garaways. Met Mr. Amhurst, 1 Guinny. View in 
Fleet Street 10 sh. At Mr. Tompions.”’ 

With some preliminary understanding of Hooke and his times, 
to which the short ‘Life’? which the volume contains is an ex- 
cellent aid, a succession of such entries is by no means so dull to 
read through as might be thought, and those who survive the 
first half of the volume may reach the end regretting there is no 
more. Many will look forward to the publication of the later 
diary (1688-1690) recently recognized as Hooke’s by Mr. Robin- 
son. 

The volume contains also a list of the taverns and coffee houses 
mentioned by Hooke, a biographical index of persons, covering 
50 pages, and the illustrations consist of the title page of the 
“Micrographia,” a ballot list of the Royal Society (1671), a 
facsimile page of the diary, and some of Hooke’s designs. 


Aerodynamic Theory 


AERODYNAMIC THEORY. By William Frederick Durand, editor in 
chief. Vol. 5. Divisions N-O. Julius Springer, Berlin, 1935. 
Cloth, 6 X 9 in., xviii plus 347 pp., 133 figs. Special price only 
until publication of the last volume, 15 rm. 


REVIEWED BY J. C. HUNSAKER® 


HIS fifth volume, of the series of six being issued under 

the general editorship of Dr. Durand, is written for the 
student of airplane design. Aerodynamic theory together with 
experimental facts made available in previous volumes are here 
applied to the airplane to predict its motion. Consequently, 
this volume may hardly be recommended to the mechanical 
engineer who is interested in fluid mechanics generally. However, 
the treatment of the ‘‘Dynamies of the Airplane’ by Prof. B. 
Melville Jones of Cambridge is very readable and furnishes an 
excellent example of the application of the theory of small oscilla- 
tions. 

For one who is curious about the complicated motion of 
the airplane with its six degrees of freedom, how it is con- 
trolled and what happens in a spin, Jones’s treatment can be 
recommended as clear and authoritative. The details of compu- 
tation can be skipped by the general reader. At intervals the 
somewhat heavy going through applied mathematics is illumi- 
nated by welcome digressions as to the actual motions encoun- 
tered by the pilot, obviously from the author’s own very wide 
experience. 

To students of airplane dynamics and stability, the first two 
thirds of the volume may be recommended as a comprehensive 
statement of the present position of this part of the scientific 
foundation for aeronautical engineering. Beginning with the 
equilibrium conditions for steady flight in the first chapter, 


® Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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chapters two and three examine the aerodynamic constants in- 
volved in symmetric and asymmetric oscillations about steady 
motion. Chapter four discusses the nature of the possible mo- 
tions in a qualitative way to establish a picture of the physical 
action. This simplified treatment follows generally the original 
plan of Lanchester, but makes use of modern knowledge of the 
relative importance of the factors that have been neglected. 

Chapters five, six, and seven then take up the rigid analysis of 
the motion following the classical method of Bryan (based on 
Routh) as developed by Bairstow and others. The author has 
systematized the analysis and reduced the computations to a 
simple form in the hope that airplane builders will have such com- 
putations made to guide them ‘“‘as to the consequences which 
would follow any proposed change in design.” This reviewer, 
while heartily approving the author’s wish, is not overly optimis- 
tic as to the practicability of the suggestion. 

The determination of the aerodynamic coefficients (derivatives) 
is laborious and costly, and short cuts are uncertain. Not enough 
is known as to the effect of variations in shape of the airplane on 
these coefficients. The designer is still in the dark as to what is 
a desirable motion and how to get it by juggling the few of these 
coefficients that can be controlled by design. There is still need 
for the development of numerical design criteria and more prac- 
tical and direct methods for determining the necessary coefficients 
before designers will generally use a dynamical analysis of such 
complexity. 

The final section of the volume is taken up by L. V. Kerber’s 
treatment of airplane performance computations. A good 
deal of “‘hand-book”’ type information is supplied and several 
methods of computing airplane performance from given data are 
illustrated by worked examples. 


Welding Technology and Design 


WELDING TECHNOLOGY AND Desien. By G. F. P. Fox and F. Bloor. 
Griffin's Industrial Textbooks. J. B. Lippincott Company, 
Philadelphia, Pa., 1936. Cloth, 5'/4 X 73/4 in., ix and 90 pp., 35 
illustrations and 2 photographs, $1.50. 


REVIEWED BY C. H. JENNINGS‘ 


HIS book is essentially an elementary introduction to weld- 

ing, suited principally for the beginner. It consists of a dis- 
cussion of welding methods, welded joints, metallurgical and 
mechanical features of welds, welding plants and accessories, and 
typical welding applications. Each subject is treated in a short 
concise manner with only a few of the fundamental character- 
istics and details given. 

A few pages are devoted to oxyacetylene welding and resist- 
ance-welding methods and equipment, with the remainder of the 
book given over to the more extensively used process of arc 
welding. The discussion on are welding includes some of its 
elementary theory, notes on typical butt and fillet joints, test 
data on welds, welding machines, and typical welding applica- 
tions. 

The chapter on metallurgical and mechanical features con- 
tains a few brief notes on the weldability of different materials 
and a short discussion of metallurgical and mechanical methods 
of testing welds. 

An extensive series of tensile-test data on welds is included 
but no fatigue data are given. Although the title of the book 
includes design, there are no design data included, such as al- 
lowable working stresses, methods of calculating stresses or im- 
portant design details. 


‘ Research Engineer, Westinghouse Electric & Manufacturing 
Co., East Pittsburgh, Pa. 
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Aeroplane Structures 


ABPROPLANE Structures. By A. J. Sutton Pippard, M.B.E., D.Sc., 
Member of The Institution of Civil Engineers, Fellow of The Royal 
Aeronautical Society, Member of The American Society of Civil 
Engineers, Professor of Civil Engineering in The University of 
London at Imperial College; and Captain J. Laurence Pritchard, 
Late Scholar of Christ’s College, Cambridge, Honorary Fellow of 
The Royal Aeronautical Society, Member of The Institute of 
Aeronautic Sciences, Secretary of The Royal Aeronautical Society. 
With an introduction by L. Bairstow, C.B.E., F.R.S. Second 
edition. Longmans, Green and Company, New York and London, 
1935. Cloth, 6 X 9 in., xvi and 368 pp., with diagrams and il- 
lustrations, $8.50. 


REVIEWED BY E. E. Secuier® 


[IU to the complexity of the subject, and the rapidly chang- 

ing methods of design, the first reaction after reading a book 
such as this is one of admiration for the authors in undertaking 
a comprehensive treatment of airplane structural problems. 
This revised edition of the original work by the same authors in- 
cludes a great deal of new material on methods of analysis, and 
a revised discussion of the loads and load factors as they are now 
applied to British design practice. 

The book is particularly noteworthy in two important respects. 
The first is its complete treatment of the subject of how the loads 
arise on an airplane and where they are applied to the various 
structural components. It is true that the design criteria have 
been set up te correspond to present British load-factor require- 
ments, and therefore cannot be followed in detail by the designers 
in other countries. However, the discussion of the flying, control, 
and landing conditions which give rise to critical loads on various 
portions of the structure is valid in any country, and it is pre- 
sented in such a manner as to give a designer with little or no 
aerodynamic training a picture of the problem he is asked to 
solve. An important addition that has been made in this new 
edition is the discussion of the change in wing loading due to 
the use of leading-edge slots. Although the present data are some- 
what meager, a similar discussion might well have been given 
for the case of trailing-edge flaps. 

The second point on which the authors are to be commended 
is the presentation of strain-energy methods of analysis in a form 
understandable and usable by design engineers. Their treat- 
ment has eliminated nearly all of the mathematical complica- 
tions which have previously discouraged the use of this method 
by stress analysts and gives the strain-energy method as one which 
follows directly from simple physical considerations. 

The analysis that is given of different metals of construction 
on the basis of the ratios of strength, weight, stiffness, and other 
design criteria, is one which every aeronautical engineer should 


5 Aeronautics Structures Department, California Institute of 
Technology, Pasadena, Calif. 


keep before him. The one major item in this choice of materials 
that has been ignored in the author’s discussion is that of the 
economics of design and how it is affected by difference in cost 
and workability of the various materials. The effect of corrosion 
on design has not been considered. 

It would seem necessary, in the treatment of a subject so 
changeable as that of airplane structures, that a text should have 
in it references to all available sources of information on new 
developments. This book has, it is true, a good representation 
of references on British work done on structures and structural 
problems. On the other hand, it is almost totally lacking in 
references to outside sources of information. This is particularly 
noticeable in the newer subjects such as monocoque and all- 
metal construction. With comparatively few exceptions, all of 
the references given are to work done in Great Britain and the 
vast amount of theoretical and experimental research that has 
been carried out in other countries is not mentioned. In order 
that the chapter on thin metal construction should have value 
to a designer contemplating this type of structure, it is almost 
imperative that the author’s discussion be followed by a bibliog- 
raphy giving all of the available literature on the subject. This 
would involve covering principally the work done in Great 
Britain, Germany, Japan, and the United States of America; 
since men in all of these countries have contributed valuable 
work to this still controversial subject. 

It is easy to list a large number of items which might be in- 
cluded in a structures text such as this. To make such a book 
complete it would be necessary to have a lengthy discussion on 
the various types of construction now in common use; such as 
wood-beam, fabric-covered wings; all-metal construction in 
both steel and aluminum alloys; and plywood-covered struc- 
tures; which would give the designer a means of choosing the 
proper type of construction for his particular airplane. Such 
items as form factors for both wood beams and various types of 
metal beams should in all probability be added, along with a 
more complete treatment of the subject of local failure as it par- 
ticularly applies to metal construction. Stressed-skin structures 
vs. trussed structures might well be given at least a chapter in 
which the various existing types of each would be discussed on 
their merits. However, it must be realized that to include all 
of the above items, and many more not mentioned, in one volume 
would be an impossible task unless some of the present material 
could be eliminated. And in this regard, it must be said to the 
credit of the authors, that they have included very little use- 
less material in the book, that, except for minor items such as 
the short mention of such things as disabled triplanes, any 
omission would be met with considerable opposition. The only 
answer would then seem to be that the subject of airplane struc- 
tures, like that of aerodynamics, has reached the point where 
it will be necessary to treat it in two or more volumes rather 
than to attempt to cover the problem in one book. 
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~The Calculation of Dampers for Systems 
Subject to Self-Induced Vibration 


By J. G. BAKER! ann S. J. MIKINA,? EAST PITTSBURGH, PA. 


The authors point out that complete elimination of 
self-induced vibration cannot be treated generally because 
the systems in which it occurs, and the conditions under 
which the systems are subject to this type of vibration, are 
so varied. However, such vibration can be reduced by 
damping, and the means employed can be discussed in 
terms applicable to the whole class of self-induced vibra- 
tions. The authors show that the time-displacement curve 
for the building up of a self-induced vibration is a con- 
venient basis for calculating the amount of damping 
required to prevent the vibration from building up. 


INTRODUCTION 


HE TYPE of vibration described as “‘self-induced’’? often 
"aot to impair the structural safety or proper function- 
ing of a system, and means must be found for mitigating 
its effects. The kinds of systems and the conditions under which 
they are subject to self-induced vibrations are so varied, however, 
that no specific rules can be laid down for a best treatment ap- 
plicable to all cases. For example, self-induced vibrations have 
been found to occur in such diverse systems as power-trans- 
mission lines, rotating machinery, and in structures for the 
support and control of aircraft (wing flutter). The curative 
means appropriate to a given case may involve either (a) out- 
right elimination of the cause of instability by a change in the 
system, or (b) the reduction of the vibration by the addition of 
damping. The working out of expedient a, or even the question 
of whether it is to be used in preference to anything else, depends 
on the specific case considered and cannot be discussed in general 
terms. The question of damping, on the other hand, may be 
answered in terms applicable to the whole class of self-induced 
vibrations, and forms the subject of the present paper. 
Wherever, then, the reduction of a self-induced vibration by 
the addition of damping is indicated, the first question to be 
settled is, how much damping is required? A directly evident 
way to ascertain the amount of damping required is to determine 
(1) the magnitude, of the energizing effect. on the system and (2) 
the damping effects already present. The difference between 
(1) and (2) will then be the minimum damping effect which 
must be added to prevent increase of the vibration at a given 
amplitude. Since the separate determinations of (1) and (2) are 
usually difficult, it is fortunate that a direct experimental means 
exists for obtaining the difference between them. This difference, 


1 Mechanics Division, Westinghouse Research Laboratories. 

? Mechanics Division, Westinghouse Research Laboratories. 
Jun. A.S.M.E. 

3 “Self-Induced Vibrations,’’ by J. G. Baker, Trans. A.S.M.E., 
vol. 55, 1933, paper APM-55-2, p. 5. 

Presented at the Fourth National Applied Mechanics Meeting of 
THe AMERICAN Society oF MECHANICAL ENGINEERS, held at 
Pittsburgh, Pa., June 11-13, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


it will be shown, may be readily calculated from the amplitude- 
time relations in the starting transient of the vibration. 


STaRTING TRANSIENT OF SELF-INDUCED VIBRATION 


The final amplitude attained by a system vibrating at its natu- 
ral frequency is the amplitude at which the energy absorbed by 
the damping forces is equal to the energy put into the system by 
the disturbing forces. During the time of building up of the 
vibration, the energy input in excess of the damping absorption 
is used for increasing the vibratory kinetic (and potential) energy 
of the system. Now, in a linear system the kinetic (or potential) 
energy of vibration is proportional to the square of the vibration 
amplitude, so that we have the following relations‘ 


where E = maximum kinetic energy of system in a given cycle 
= maximum potential energy, Xo = the maximum amplitude 
during a cycle of some point in the system, and C = a constant 
depending on the mode of vibration and obtained by dividing 
the total kinetic or potential energy of the system by the square 
of the amplitude X> chosen for reference. The quantity dE/dt 
is the rate of increase of the vibratory energy of the system, and 
in the case of a system to which it is desired to add damping 
dE/dt may be interpreted as the energy input per second in excess 
of the power absorbed by the inherent damping in the system. 
But this excess of input energy is precisely what must be absorbed 
by a damper introduced into the system if the building up of the 
vibration is to be delimited. The criterion for damper design on 
the basis of Equation [2] may therefore be stated as follows: 

If the damping capacity of the damper as a function of the am- 
plitude of vibration is expressed by F(Xo), then F(X») must be 
equal to 2CXo(dzo/dt) at the amplitude (Xo)iin to which it is 
desired to limit the vibration and, furthermore, F(Xo) must be 
greater than 2CX,(dzxo/dt) for a certain range of amplitudes 
greater than (Xo)im in order that the amplitude (Xo)iim be a 
stable one. The foregoing remarks are perfectly general and 
apply to vibrations excited by forces independent of the motion 
as well as to self-induced vibrations. In the case of self-induced 
vibrations, however, the evaluation of the quantity 2C Xo(dzo/dt) 
leads to a general result applicable to the class as a whole, and 


4 For a nonlinear system the energy of the vibration is most ad- 
vantageously expressed in terms of the kinetic energy of the system 
since measurement of the starting transient time-displacement curve 
shows the maximum velocity. In this case 


where E = is maximum kinetic energy of system (= maximum po- 
tential energy), V = maximum velocity during a cycle, and C; = 
constant depending on mode of vibration. 
The equation corresponding to Equation [2] of the paper is 

dE do 

= at [2a] 
where V and dv/dt may be obtained from the time-displacement 
curve during the building up of the vibration. 
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therefore this has been singled out for discussion in the present 
paper. 

For any type of vibration, the rate of increase of vibratory 
energy may be calculated from a measurement of dxo/dt directly 
from a record of the starting transient of the system. In the case 
of self-induced vibrations, however, it turns out that a satis- 
factory approximation to the starting transient of any system 
may be constructed simply from a knowledge of the time required 
for the vibration to build up to its maximum amplitude from an 
initial given small amplitude. 

The energy input to the vibration, as measured by the quantity 
2CXo(dxo/dt), is equal to the work which is done on the motion 
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by the net disturbing force, i.e., by the actual disturbing force 
minus the effective damping force. This net disturbing force 
in the case of self-induced vibrations is zero at both the start and 
the completion of the building-up period, and consequently the 
rate of increase of amplitude dzo/dt is also zero at these times. 
The amplitude-time curve of the starting transient in such a 
case may, therefore, be constructed as shown in Fig. 1. If the 
plane of the curve is blocked off by lines through the ordinate of 
maximum amplitude and the corresponding abscissa of the time 
of building up of the vibration, the curve will start and end with 
zero slope within the rectangle, as indicated by the full lines of 
the figure. The starting of the motion will be characterized by a 
gradually increasing dz)/dt, and the ending of the building-up 
period by a gradually decreasing dro/dt. The shape of the curve 
between the two extremes must be such as to fit these boundary 
conditions. Since the forces affecting the vibration will in 
general have no sharp discontinuities but will vary in a smooth 
manner throughout the starting transient, there will be no ir- 
regularities in the amplitude-time function, and the solid ends 
of the curve must therefore be joined by the simple extension 
shown by the dashed line in Fig. 1. A good approximation of the 


required function of dxo/dt in terms of Xo may then be obtained 
from this curve by measuring its slope at various amplitudes. 

Since in a self-induced vibration the exciting force is zero for 
zero motion, the time required for the vibration to start and to 
reach an amplitude of, say, 5 per cent of the maximum amplitude 
will be rather indefinite as it will depend on the magnitude of the 
free vibration produced by some random initial disturbance or 
impulse. Similarly, since the net exciting force approaches zero 
as the vibration approaches its maximum amplitude, an infinite 
time is theoreticaily required for reaching the maximum ampli- 
tude. For practical purposes, therefore, the limits of the ampli- 
tude-time curve may be defined sufficiently accurately by specify- 
ing the time of building up as the time required for the ampli- 
tude to increase from, say, 5 to 90 per cent of the maximum 
amplitude. 

That the curve of Fig. 1 is characteristic of self-induced vibra- 
tion in general has also been demonstrated experimentally by 
measurement of the starting transient of a number of unstable 
vibrating systems which have been studied at various times. 
In Fig. 2, for example, is the building-up characteristic of a trans- 
mission-line vibration model which was constructed specifically 
for illustrating the mechanism of line instability due to sleet and 
wind.’ As shown in Fig. 2, the model consists of a semi- 
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cylindrical piece of wood mounted on springs in a heavy frame 
so as to be capable of vertical vibration at a frequency of about 
10 cycles per sec. The vibration is excited by directing a steady 
stream of air from a fan across the flat portion of the semi- 
cylinder, whose cross section simulates a sleet-covered line. A 


5 “Transmission-Line Vibration Due to Wind and Sleet,’’ by J. P. 
Den Hartog, Trans. A.I.E.E., vol. 51, December, 1932, paper 32-91, 
p. 1074. 
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record of the building up of the vibration was obtained with a 
scale and a stop watch. 

Fig. 3 shows a similar amplitude-time characteristic for the 
lowest mode of vibration of a system consisting of a 4-ft length 
of !/y-in. diameter nichrome wire bent into a long U-shape and 
heated by the passage of a direct or alternating current of about 
13 amperes. The vibration in this case is excited by forces 
between the air and the wire due to the thermal action of the 
moving hot wire on the surrounding air. Fig. 4 is the char- 
acteristic of the same system for a higher mode of vibration, 
with a frequency of about 50 cycles per sec in contrast to the 
frequency of 1 cycle per sec for the lowest mode. 

The curve of Fig. 5 was obtained from measurements on an 
unstable system consisting of a spring-mounted motor and 
centrifugal fan, with the air flow to the fan obstructed by a 
cylindrical baffle, as shown in the figure. The mode of vibra- 
tion was such that the axis of the shaft described a cone. 

The curve of Fig. 6 applies to the self-induced axial vibration 
of a steam-turbine rotor weighing several thousand pounds. 
This is a particularly interesting example, for, though the 
physical dimensions and the forces in this system are on so much 
larger a scale than in the other cases cited, yet its building-up 
characteristic is similar to the others. 

The curve of Fig. 7 refers to a system in which a mass of liquid 
in a tank is set into vibration by a steady blast of air directed 
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upward from the bottom of the tank, as indicated in the figure. 
The liquid vibrates in its lowest mode under gravity, like a 
pendulum, at a frequency of about 1 cycle per sec. 

In Fig. 8 is yet another example of vibration due to air flow. 
A blast of air through a passage blocked by a spring-pivoted 
specially shaped cam sets the cam into vibration. Fig. 9 is an 


® This effect was first observed by P. C. Clarke, engineering de- 
partment, Hunter Pressed Steel Company, Lansdale, Pa. 
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oscillogram of the starting transient of such a setup. The 
dashed curve drawn through the wave peaks furnished the data 
for the curve of Fig. 8. 

The uniformity of the amplitude-time characteristic in the ex- 
amples just enumerated is made more evident by plotting the 
curves to Figs. 3 to 8, inclusive, in nondimensional form with 
respect to one set of axes, as in Fig. 10. The amplitude ordinate 
is expressed in per cent of the maximum amplitude and the 
time abscissa is in per cent of the time required for building up 
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of the vibration. The different curves are compared in the 
region of 5 to 90 per cent of the maximum amplitude, and they 
are seen to be confined to within a comparatively narrow portion 
of the plane. The difference in the slope of the different curves 
is rather small throughout their length, with the exception of the 
steam-turbine characteristic. The reduced slope there, however, 
may be explained by a nonlinearity of that particular system 
which caused the vibration frequency to decrease as the ampli- 
tude approached its maximum. 


Tue Case TRANSMISSION-LINE VIBRATION To SLEET 
AND WIND 


The problem of the calculation of dampers for reducing line 
vibration due to sleet and wind offers an interesting example of 
the use of the methods suggested in this paper and will be dis- 
cussed in greater detail. 

The instability of a sleet-coated line in a wind having a com- 
ponent across the line may lead to vibrations so severe as to cause 
line breakage or short-circuiting with adjacent conductors. For 
example, as was observed on one transmission circuit, the vibra- 
tion occurred at a frequency of about 1 cycle per sec on span 
lengths varying from 500 to 1000 ft. A maximum amplitude of 
10 ft. was attained in 10 minutes. The ambient temperature 


varied from 20 to 32 F, and the average wind velocity across 
the line was reported to be about 15 mph. The mechanism of 
line vibration excitation under these conditions has been ex- 
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Fig. 11 DAMPER 


plained in a published paper® and is now generally known to be 
the result of an aerodynamic instability of the elongated cross 
section assumed by a sleet-coated wire. 

The means of curing the trouble necessitate either the elimina- 
tion of the exciting wind-sleet forces or their counterbalancing 
with appropriate opposing forces introduced into the system. 
Practically, this amounts to either (1) removal of the sleet by 
heating or (2) the addition of damping to the line. The latter 
expedient is by far the more desirable in this case, since it has 
the possibility of being made to function instantly and auto- 
matically, in contrast with the time-consuming, and, therefore, 
often futile, operations of progressive switching out of service 
and electrical heating of sections of the line. The study reported 
here was, therefore, made with the view of analyzing the damping 
requirements of the line, and evolving if possible a means of 
supplying the necessary damping. 
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The principle of employing vibration dampers on lines is not 
new, as it has been used in connection with the elimination of the 
high-frequency wind-induced vibration which often leads to 
fatigue failure of line conductors. This type of vibration is caused 
by the periodic formation of air vortices on the lee side of the 
line, as in the phenomenon of the aeolian harp. The vortex 
frequency is determined partly by the diameter of the conductor 
and by the wind velocity across the line, and partly by the natural 
frequencies of the line itself. This frequency is of the order of 20 
cycles per sec for average conditions. On account of this rela- 
tively high frequency it has been possible to damp the vibration 
by comparatively simple means. A type of damper which has 
been used for this purpose is shown in Fig. 11. It consists of a 
length of stranded cable with weighted ends which is attached 
at its midpoint to the line in the neighborhood of the tower, at a 
point corresponding approximately to an antinode of the line 
vibration. The stranded cable is flexed by the line motion, tak- 
ing the shape of the broken lines in Fig. 11, with consequent 
energy absorption by its interstrand friction. In general terms, 
the action of any damper of this type depends on the application 
to the line of a frictional force whose reaction on the damper 
structure is balanced by the inertia force of accelerated masses. 

In the case of the self-induced vibrations occurring on sleet- 
coated lines it is not practical to apply dampers of the type 
discussed above, on account of the low frequency of the vibra- 
tion. For example, it can be shown that even a weight of 500 
lb suspended 10 ft from each end of a 500-ft line would be in- 
sufficient to balance a friction force which would limit the 
maximum vibration amplitude of the line to 1 ft, at the frequency 
of 1 cycle per sec. Damper proportions of this order of magnitude 
are hardly feasible, and for a long time it was generally con- 
cluded that melting off the sleet by heating was the only practical 
recourse left in this case. 

Recently, however, the question of damping low-frequency 
line vibration has been reopened and put on a more practical 
basis by the conception of the “displacement” type of damper, 
in which the friction force between the damper and the line is 
balanced at the damper side not by inertia forces, but by a re- 
action developed by the line tower itself. The principle involved 
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is shown schematically in Fig. 12. ‘The damper legs a and b are 
connected to the tower arm and to the line and are pivoted at 
points 1, 2, and 3. Movement of the leg 6 is restrained by a 
friction brake at pivot 3. During vibration of the line the up 
and down movement of the line at 1 is transmitted by the link a 
to the leg b at 2, and work is thus done against the resistance of 
the brake at 3. The brake moment is transmitted to the tower 
through the brake supporting structure. The path 1 to 2 to 3 
along the damper legs, or some portion of it, must of course have 
the same electrical insulation characteristics as the main sus- 
pension insulator. 

The curve of the transmission-line model represents a good 
average of the various tests shown in Figs. 2 to 8, inclusive, and 
was accordingly used in calculating the energy input to the line 
for the condition of a maximum amplitude of 10 ft being built 
up in 10 min. The values of dzo/dt obtained on this basis, com- 
bined with the factor C, as evaluated in the Appendix for the given 
mode of line vibration, provide the necessary data for calculating 
the energy input in question, i.e., the quantity 2CXo(dzo/dt). 
The results of this calculation are given by the curved lines of 
Fig. 13 for span lengths of 500 and 1000 ft. 

The problem of damper design resolves itself then into a deter- 
mination of the damper energy-dissipation characteristic as a 
function of the vibration amplitude, and the fitting of this char- 
acteristic to the curves of Fig. 13 to give the required line stability. 

Probably the simplest design of the displacement damper is 
one in which energy dissipation is obtained by the movement 
of its parts against the resistance of dry friction. During the 
operation of a damper of the type shown in Fig. 12, the effect 
on the line is that of a constant force opposing its motion, of a 
magnitude equal to that required to cause the friction brake of 
the damper to slip. The force causing the damper to slip is the 
inertia force due to the line vibration, and since this is small for 
small amplitudes, the friction damper will start to function only 
when the vibration has built up to the point where the effective 
inertia force on the damper at its point of attachment to the 
line is equal to the slip force. An approximate relation between 
the various forces acting on the damper and the resulting energy 
absorption may be derived with the aid of Fig. 14. Let 


S = slip force of damper, lb 

F = maximum inertia force of line on damper during a cycle, 
Ib 

distance from end of line to point of damper attachment, 
ft 

T = average line tension, lb 

a maximum amplitude of motion of point of damper at- 

tachment during a cycle, ft 


h 


Then, assuming the line is moving upward as shown, the equi- 
librium of forces at the point of attachment of the damper to the 
line requires 


from which 


The damper energy absorption is 


W = 4Sa per cycle t 5] 
[ 
or 
F—S 


The inertia force F on the line may be determined as shown in 
the Appendix. It turns out that at a line frequency of 1 cycle 
per sec, the inertia force at the point of damper attachment is 
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Fig. 14. Forces at Potnt or ATTACHMENT OF DAMPER TO LINE 


50 lb per ft of amplitude at the point on the line where the vibra- 
tion is maximum. We thus have the relation 


This, substituted in Equation [6] gives the energy dissipation 
of the damper as a function of the amplitude Xo, or 


ft-lb per sec per damper...... [8] 


The energy dissipation W has been calculated for several values 
of S, assuming one damper on each end of the line, and the re- 
sults are given by the straight broken lines of Fig. 13. An in- 
tercept of a straight line with a curve corresponds to an ampli- 
tude of line vibration at which the damper dissipation is equal 
to the wind energy input to the line. It is apparent from the 
figure that as many as three such intercepts may be present with 
certain designs of dampers. Not all of these represent a stable 
condition of equilibrium, however. The smallest and the largest 
intercept amplitudes are stable, since the damper dissipation is 
greater than the wind input for amplitudes greater than these. 
The amplitude defined by the intermediate intercept is unstable, 
since for larger amplitudes the energy input to the line is greater 
than the damper dissipation, and the vibration will continue to 
build up beyond this point if it is brought up to the point of 
instability. 
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The lowest intercept is the amplitude which will normally be 
reached when a steady state is established. The damper must, 
therefore, be so proportioned that it will limit the steady state 
amplitude to a reasonably low value, say 0.2 ft, and will at the 
same time have the intermediate unstable point far enough re- 
moved to take care of momentary increases in amplitude due to 
a sudden wind gust or to impulses caused by the sudden dropping 
off the line of portions of the sleet load. From Fig. 13 it appears 
that a damper having a characteristic corresponding to h = 10 
ft and S = 10 lb would be satisfactory for a span length of 500 
ft. The steady-state amplitude in this case is 0.2 ft and the 
unstable point at 2.3 ft. The same damper on a 1000-ft line 
would give approximately the same steady state amplitude of 
0.2 ft, but the unstable point is brought down to 0.9 ft. 

The calculation in the preceding paragraph is based on the 
use of a damper at each end of the line. The damper moment of 
200 ft-lb (in the worst case of out-of-phase line motion on each 
side of a tower) would have to be transmitted to the tower with- 
out any appreciable angular deflection of the structure supporting 
the damper brake shown in Fig. 12. The angular movement of 
the damper arm b will be of the order of 0.5 deg or less, and the 
angular deflection of the brake supporting structure must be 
small compared to this. In a practical design this would involve 
either bracing the tower arms or supporting the damper brake 
on a member strong in torsion, such as a steel tube, attached 
directly to the tower. 

The damper would have to be constructed of course in such a 
way that it would not be rendered inoperative by being itself 
coated with sleet. The arm joints of the displacement type of 
damper may be easily made so as to shear off accumulated ice. 

Various possibilities were considered for mounting the damper 
structure below the line on the line insulator itself. It was 
thought that the damper moment could perhaps be resisted by the 
line tension or the conductor weight. No arrangement could be 
devised, however, which would have sufficient relative motion 
between the brake elements to give the required damping char- 
acteristic. A damper hung from the line insulator could be made 
to function only for the vibration mode in which the motion of 
the line on each side of the tower was in phase, but would not 
damp out-of-phase motion. 


CONCLUSIONS 


1 The time-displacement curve for the building up of a self- 
induced vibration is a convenient basis for calculating the 
amount of damping required to prevent the vibration from 
building up. 

2 Since the building-up curves of all self-induced vibrations 
have about the same shape, it is usually sufficient to know only 
the time of building up, the steady-state amplitude, and the 
mode and frequency of the vibration, in order to calculate the 
added damping required to delimit the vibration. 


Appendix 


The maximum kinetic energy of the vibrating line may be 
represented by 


where X> is the maximum amplitude of the vibration and C is a 
constant. To evaluate this constant we proceed as follows. 
Let the form of the line vibration be 
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X = Xosin [b] 
Then 


4 


And the line kinetic energy is 


Z=L 
pdZ(X)? 
2 wt sin? (| ——— } dZ 
2g 29 w* COS* wi SIN L 


..[d] 
pXo%w" p 
29 0 L g 
Therefore 


The line sag is a very small percentage of the line span, and 
the cable tension throughout the span may, therefore, be con- 


=1.54 


- 


500! 


~ 


Fic. 15 Mope or Line ViBRATION FOR FREQUENCY OF 1 CYCLE 
Per Sec 


sidered uniform. The length / of a half wave, corresponding to a 
frequency of 1 cycle per sec, may, therefore, be calculated from 
the frequency formula for constant tension wire: 


1 
1 


where f = frequency of vibration; 7’ = cable tension, lb; p 
= weight per foot of cable, lb; g = acceleration of gravity, ft 
per sec per sec, and 1 = length of a half wave corresponding to a 
frequency of 1 cycle per sec. 

In choosing the values for these line constants, it was assumed 
that the sleet load was equal to the weight of the cable, resulting 
in a tension of 4500 lb. Hence, for p = 2 X 0.77 = 1.54 lb per 
ft 


1 _/4500 x 32.2 


2 
A 500-ft span will, therefore, vibrate in the configuration of Fig. 
15, in three loops each between 153 and 167 ft in length. 


The inertia force of the cable which causes the damper brake 
to slip is equal to 


1 p 2p 
F = - — sin— dZ = — Xonl 
Or, for 1 = 167 ft 
_ 2X 1.544 X 167 X Xo 


32.2 
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= lb 
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Forced Vibration in Nonlinear Systems With 
Various Combinations of Linear Springs 


By J. P. DEN HARTOG! anv R. M. HEILES,! CAMBRIDGE, MASS. 


This paper deals with a single mass system containing a 
combination of linear springs having a force-displacement 
characteristic as shown in Fig. 1b. By varying the ratio 
k,/k; of the spring constants, various modifications occur, 
e.g., for ki/k: = 0 there is only one set of springs, and the 
system has a clearance x) on each side of the equilibrium 
position; for ki/k: = © there is againa single set of springs 
which is now given an initial set-up force F. 

The steady-state motion of these systems under the in- 
fluence of a harmonic external force is wanted. Detailed 
exact solutions have been published for the cases ki /k: = 
and k,/k: = 0.3 In this paper these two special cases 
have been brought down to a simpler form, and two addi- 
tional cases (k,/k; = 2 and k:/k: = 0.5) have been calculated. 
All these results, together with those of the classical linear 
case k,/k; = 1 are shown in Figs. 5 to 9, inclus?ve, plotted 
in two different dimensionless forms. 


NOTATIONS 


F = kx = static force required to deflect the mass to the 
point where the outer spring system is just reached 
= spring constant for amplitudes z smaller than zo 


k, = spring constant for amplitudes z greater than zo 

m = mass 

P = amplitude of alternating force P sin wt 

t = time in general 

to = time consumed in going from z = 0 to x = 2 during the 
vibration 

x = (maximum) amplitude of the forced vibration 


XZ = deflection of the mass at which the outer spring system is 
just reached 

w = circular frequency of the forced vibration 

w, = vV(ki/m) = free frequency for vibrations smaller than 2 

w, = V(k2/m) = free frequency for very large amplitudes 
(x/xo = ©) where the influence of k; is no longer felt 


EXPLANATION OF THE RESUL1S SHOWN IN Fias. 5 To 9, INCLUSIVE 


Two methods of dimensionless plotting have been adopted, 
each of which brings out certain characteristics of the solution. 
In method a, used in Figs. 5a, 6a, 7a, and 8a the ordinates are 
values of x/xo, or the actual amplitude in terms of the deflection 
Zo to reach the outer spring system. In method }, used in Figs, 


1 Harvard University. 

?**Forced Vibrations With Nonlinear Spring Constants,”’ by J. P. 
Den Hartog and S. J. Mikina, Trans. A.S.M.E., vol. 54, 1932, paper 
APM-54-15, p. 157. 

3“Erzgwungene Schwingungen bei vorhandenem Spiel zwischen 
Masse und Federung,” by W. Buchhold, Doctor’s thesis, University 
of Darmstadt, 1933. 

Presented at the Fourth National Applied Mechanics Meeting of 
THe AMERICAN Society oF MECHANICAL ENGINEERS, held at 
Pittsburgh, Pa., June 11 to 13, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are;to be 
understood as individual expressions of their authors, and notSthose 
of the Society. 


5b, 6b, 7b, 8b, and 9b, the ordinates are values of z/(P/k2), or 
the amplitude in terms of the static deflection the external force 
would cause if applied to the outer spring system. In both repre- 
sentations the parameter of the various curves is P/xok:, or the 
force amplitude in terms of the force necessary to produce a 
static deflection zo in the outer spring system. 

The difference in these two ways of plotting is best understood 
for the case kj = k2, i.e., for a linear spring system. In such a 
system the amplitude is doubled when the exciting force P is 
doubled, so that in the second manner of plotting (Fig. 7b) all 
curves fall together, whereas in the first manner of plotting the 
ordinate of the various curves is directly proportional to the 
force applied. For a purely linear system (k,/k,; = 1) the b 
method of plotting is simpler than the a method, but this will 
not be so in the other (nonlinear) cases. In Fig. 7a it can be 
seen that for a force P going to zero, the diagram reduces to two 
straight lines, the horizontal and vertical through z/z»p = 0 and 
«w/w; = 1. This expresses the fact that for zero force off reso- 
nance no amplitude is 


possible, while exactly at ¥ 
resonance any amplitude $ 
is permitted. Therefore, A, 
the diagram in its a-form 4 


is capable of expressing k 
the free vibration as well 
as the forced vibration. 

Consider next Fig. 6a k, 


for the case w;/w: = 1/+/2 


b 
or k,/kz = 1/2. For am- Fie. 1 
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= 1, the diagram coincides with that of Fig. 7a, with the ex- 
ception that the resonant frequency is now at w/w: = 1/+/2 
instead of at 1. Thus, if all abscissas of Fig. 7a are shrunk to 
0.707 of their length, and if all curve parameters of Fig. 7a are 
halved, Fig. 6a below the unit line is found. The heavy cen- 
tral curve of Fig. 6a represents the free vibration (P = 0). For 
2/xo < 1, the frequency of this free motion is « or 0.707 w:, and 
for z/xo = 2 it is seen to be 0.83 ws, while for very large motions 
(z/zo = o) the natural frequency tends to w. 

The corresponding diagram 66 is not so clear. However, it is 
useful to study the system under the influence of large forces. 
It is seen that the greater the force P/zok, becomes, the closer the 
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curves approach the heavy curve P/zok,; = ©, which is simply the 
resonance curve for a linear system with spring k. On the other 
hand, for a very small force the system never leaves the region of 
the springs k,, so that the curve for P/zk, = 0 is again a reso- 
nance curve, this time with w/w, = 1, or with w/w, = 0.707 asa 
vertical center line. That resonance curve is shown as a dashed 
line in Fig. 6b and has no real physical significance, because the 
motion is zero. Only because the ordinates are measured in 
units of z/(P/k,), in which both z and P go to zero, does the 
diagram show finite ordinates. For forces between zero and ©, 
we obtain a curve in Fig. 6b somewhere between the broken and 
the full resonance curves. Consider, for instance, the curve 
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P/zokz = 1. Coming from the right it coincides with the dashed 
curve for P = 0 until the point w/w, = 1.22, 2/(P/k:2) = 1. At 
this point the amplitude of vibration reaches the outer spring 
system and the curve starts to differ from the no-force curve. 
For very large amplitudes it will asymptotically approach the 
heavy curve = ©. 

In general Fig. 6b might be described as a set of curves which 
are close to the dashed resonance curve for small forces P/xok2; 
these curves gradually move over to the full heavy resonance curve 
for greater forces. 
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Figs. 8a and 8b show the same general behavior as Figs. 6 
with the difference that the natural frequency for small vibra- 
tions is higher than that for large vibrations. 

Next we turn our attention to the case w:;/w, = 0, that is, to a 
system with a single 
set of springs but 
with a clearance Zo, P 
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ANALYSIS 


In the previous analysis of the case k,/k, = ©, that is, for set- 
up springs,? the motion was assumed to repeat itself every half 
wave and to include a phase angle ¢ with the force, as shown 
in Fig. 10a. The analysis carried out with this assumption 
showed for this particular case that ¢ = 0 or 180 deg, and that 
the motion curve is symmetrical every quarter wave, as shown in 
Fig. 10b. To prove in the more general case also that no steady- 
state solution exists which does not repeat itself every quarter 
wave, is a difficult undertaking. The energy theorem at least 
is not violated by such a motion. However, quarter-period 
symmetrical motions are the most obvious ones. For the case k;/k2 
= 0, Buchhold? starts from the assumption of Fig. 10b directly, 
which simplifies the analysis considerably. Of course, any mo- 
tions satisfying the conditions of Fig. 10a, but not those of Fig. 
10b, are not shown up, although they may exist. In the pres- 
ent treatment, we start from the same assumptions as Buchhold.* 

In the two regions 0 < t < fo and to < t < w/2w, the system is 
linear, though with different elasticities. The general solutions 
of the motion in these two regions are 
= Cy sin wt + cos wt + 


— (w/o)? 


sin wt 


= Cysin wet + Cy COS ant sin wt + (: Xo 


The four integration constants C and the unknown time to are 
determined by the following conditions: 


(1) Att =0 =0 
(2) Att = to Zz; = Zo 
(3) Att = to Z2 = Lo 
(4) Att = bt Li = 22 
(5) Att = r/2Qw = 0 


Eliminating the four integration constants C by means of these 
conditions, we are led to an equation by which the time & is 
determined. This Equation is 


w2? w 


through which the = 

mass can move with- Tk, 
out the influence of 1 — w?/w2? 
any spring at all. 

The short vertical part of the heavy central curve of Figs. 6a 
and 8a is now pushed to the ordinate axis in Fig. 5a, and there- 
fore falls outside the range shown. ‘The dashed resonance curve 
for zero force in Figs. 6b and 8b reduces to a single dashed 
curve in Fig. 5b (having the formula: ord. = 1/abs*), while 
the left-hand branch of the resonance curve coincides with the 
ordinate axis. The light dashed line in Fig. 5b running up- 
ward from the ordinate 2 and abscissa 0.71 is the curve for 
P/zok, = 0.5. 

Finally we come to Figs. 9a and 9b for a system with set-up 
springs. It is not possible to plot this case on exactly the same 
variables as the four previous cases, because the first spring 
constant k, becomes infinitely large and the distance x» becomes 
zero. 

If it is plotted on the same ordinate as previously, all entries 
in Fig. 9a would move off to infinity. In order to bring them 
down, the 2» of the ordinate, which is equivalent to F/k,, had to 
be changed to F/k,. Also, the parameter of the various curves 
had to be changed from P/2zok, (which would be ~) to the finite 
quantity P/F = P/z9k,. 


1 | w 
— COS wl = * sin wto tan —{ wl) —— +; Sin cot wto — — cos wl 
We / or 


This equation is too complicated to solve for to if P/zok2 is given, 
but by assuming a value for to the force P/xok: can be readily 
calculated. The results so obtained are plotted in Figs. 2, 
3, and 4. By interpolation in these figures the value of t) can 
be found for any given combination of P/xok; and w/we. 

The equation for the motion zx; in the outer region becomes, 
after substitution of the proper values for C; and C, 


sin wt 


E wet + 


COS welo + SIN tan tan (5 

| ky 

> Sin wt + 1— ks 


SIN wet un (7 “) | + 
2 w 


If we limit ourselves to values w/w, > 0.5, the maximum value 
of this expression occurs at t = 2/2w, as indicated in Fig. 10b. 
With this formula at t = +/2w, all the ordinates in Figs. 5 to 9, 
inclusive, were calculated. 


P/xoke 
1 — w?/wye 


pitas 
: 
j 
/ 
/ 
j 
N / 
| 
4 
i 
‘ 
Xo 


Stability of Rectangular Plates Under Shear 
and Bending Forces 


By STEWART WAY,! EAST PITTSBURGH, PA. 


The author first discusses the problem of a plane, simply 
supported rectangular plate loaded by shearing forces in 
the plane of the plate on all four edges. There are two 
stiffeners attached one third and two thirds of the way 
along the plate. The critical load is calculated for various 
stiffener rigidities. Also, the rigidity necessary to keep 
the stiffeners straight when the plate buckles is found. 
This stiffener rigidity is found to be slightly larger than 
that necessary for a plate with one stiffener and the same 
panel dimensions as the plate with two stiffeners. 

The second problem discussed by the author is that of a 
plane, simply supported rectangular plate loaded by uni- 
formly distributed edge shearing forces in the plane of the 
plate and linearly distributed tension and compression in 
the plane of the plate at the ends. The end forces vary 
from tension Mop, at one corner to —Na, at the other corner, 
so that their resultant is a bending moment. The pres- 
ence of the edge shearing forces is found to diminish the 
critical bending stress in this case. Calculations are made 
for various magnitudes of bending and shearing forces for 
plates of various proportions. 


N THE design of bridge, ship, and aircraft structures, prob- 
lems arise involving the stability of rectangular plates with 
various types of edge loading (1).2 With loading higher 

than a certain critical value, lateral deflection from the initial 
plane of the plate takes place. It may be permissible, some- 
times, for a structure to carry a load higher than the critical 
value, but a knowledge of the critical load is always desirable. 

The author discusses in this paper two problems in the buc- 
kling of rectangular plates. The first, as shown in Fig. 1, is 
that of a plate having two stiffeners. The loading consists of 
uniformly distributed shearing forces on the edges. The second 
case, as shown in Fig. 2, is that of a plate loaded by uniform 
edge shear and linearly distributed tension and compression at 
the ends. In both cases the edges are assumed to be simply 
supported. 

The energy method is to be employed in the solution of the 
problems, in which method the critical load is calculated from 
the condition that the work of the edge forces during buckling 
is equal to the stored elastic energy. The form of the deflection 
must be such that the critical load is a minimum. 


PLATE IN SHEAR WITH Two STIFFENERS 


The problems of rectangular plates in shear having no stiffeners 


1 Research Laboratories, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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or one stiffener have been solved by Timoshenko (2). South- 
well and Skan (3) have treated the special case of an infinitely 
long strip with edge shearing forces. Transverse stiffeners serve 
to increase the critical-load value, and the greater the rigidity 
of the stiffeners the greater will be this increase, until the point 
where the stiffeners remain straight and only the panels deflect. 

In calculating the stiffener rigidity necessary to keep the 
stiffeners straight it will be assumed that the critical load for 
one panel of the plate is the same as that for a simply supported 
plate of the same dimensions as the panel. This is not strictly 
true since each panel tends to stiffen the adjacent one. In 
order for the panels to behave independently as simply sup- 
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Fic. 2. Stwpty Suprportep PiaTre Loapep By CoMBINED SHEAR 
AND BENDING IN THE PLANE OF THE PLATE 


ported plates it would be necessary for the buckling deflection 
to be symmetrical about the vertical center line of each panel, 
and this is not the case (4). 

We assume for the deflection surface that 


m b 


and from it calculate three energy quantities, the elastic energy 
of the plate V, the elastic energy of the stiffeners Vs, + Vas: 
and the work of the edge shearing forces during buckling V}. 
We shall neglect the torsional rigidity of the stiffeners. These 
three energy quantities in terms of the derivatives of w are 
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Ve= 2 f { + Wyy)? 2(1 (Wz W,y?) J —th 4A mn Ay, (n? 2) ( 2) (3} 


dz dy . .{2] 
es > where (m + p) and (n + q) are odd numbers. 
oe B The condition for buckling is that 
Vv; = —th ww, dz dy ........... [4] from which we obtain for r,, 
0 
u 
where is the thickness of the plate, B is the flexural rigidity of {10} 
the stiffeners, and D is the flexural rigidity of the plate. The h 
flexural rigidity 
Dabr'‘ m? Brt 


When this deflection expression is substituted in Equations (2 Ann 8i + A,,, sin +) 


[2], and [4], these energy quantities become 
an 

s+ V Ss = 4b? n { ( sin 3 n+@q 

: We next minimize r,, by equating to zero its derivatives with 


+ 2, A,,, sin 2xm ‘\ _.{7] respect to the constants A,;. This leads to a system of linear 
3 equations for the constants. If we make the simplifications 


TABLE 1 SYSTEM FOR EVEN NUMBERS OF is + 3) 


Au Aw Au Aw An Ae 
Au (1 + 0 0 0 
+ 
4 16A / 36 4 4 
+ 
36 72 
Au 0 25 3° (1 + 8%)? 0 35 
4 » 24 
Au 0 0 (1 + 98%)? 0 
+ 243-yr8 
4 A 8 
An 0 0 0 (9 + 83)! 
72 24 8 
Aa 487A 8" 35 (4 + 6%)* 
+48 
TABLE 2 SYSTEM FOR ODD NUMBERS OF (i + | 
An Ay Au Au Aw Au 
N 4 4 8 
+3yd8" 
4 4 8 
Au 32 (1 + 48%)? 0 0 
4 ‘ N 36 8 : 
4 36 8 
An 0 5 35 (4 + 982)? 0 
+243 
8 8 16 
8 8 16 
0 0 595 (1 + 168%)? 
+7687\8" 
ye TABLE 3 VALUES OF rer/oe FOR VARIOUS 8 VALUES WHEN y¥ = 0 4 
ter/oe when (i + J) are even sumabers.. 9.42 8.06 7.14 6.59 6.32 6.14 t 
rer/oe when (i + 3) are odd numbers . 11.55 - 3.09 6.74 6.21 6.04 } 
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B wo, 


the typical equation of the svstem becomes 


Aw, mm 
As; + 728%)? + he A,,; sin sin 3 


+d 


2am 


= 0 
m? 1”) (j? n*) 


This set of equations consists of two groups, one group con- 
taining terms with (¢ + 7) even and the other group containing 
terms with (i + j) odd. The coefficients of the constants A,, 
in the two systems are given in Table 1 and Table 2 

To have a nontrivial solution, the determinant of one or the 
other of the two systems must vanish. By equating the deter- 
minant to zero we arrive at an equation for \, and the higher the 
order of the determinant considered, the more accurate will be 
the result. Of the two systems, that one should be chosen 
which leads to the least value of r,,. 

For y = 0, the values of r,,/o, were calculated for various 
values of 8 using six terms of both systems, with the results 
given in Table 3. These values for (i + 7) even agree with 
those “an by Timoshenko (2). 


Values of ~ “ for 8 less than unity are easily derived and are 


given in Table 4; the least of the two values is given. 


TABLE 4 VALUES OF voles TOR. VALUES OF 6 LESS THAN 


1 5 2 1 2 1 
For any appreciable amount of stiffening, the system with 
(i + j) odd leads to the least values of 7. By equating to 
zero the sixth-order determinant of this system we obtain the 


following equation for calculation of \ 


— 27”) | 
+ | a4 — 2.0736.) 
+ — 8.359a7) 
+ — 0.031605cx,) 
+ a7"(2,0736c + 0.640as) } 
+ — 1.3061 (arse — aa?) | 
+ 1.36955a6 + 0.42270, + 8.55960; + 6.84782; 
+ + 0.03804c3} + a2 {17.469e5 + 


— 0.71 = 0....[12] 
in which a, a2... a; are functions of 8 and y as follows: 
l 16 2\2 4 2\2 
+ 76878? a _ ( + 987)? + 243-78? 
1 + 482)? 16 2)2 
(9 + 48%)? (4 + 6)? (16 + 3%)? 
+ 36.7578? 
16 2\2 
oy = —2.5 — 10.5y6* 


For various values of 8 and y, r.,/o, was calculated with the 
results given in Table 5. 
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TABLE 5 VALUES OF rer/ce FOR VARIOUS VALUES OF 8 AND y 


6= 1.0 8 = 1.2 1.5 = 20 B = 2.5 8 = 3.0 
Ter Ter Ter Ter Ter Ter 
Ce Ce Ce Ce Ce Ce 

0 11.55 20 36.70 0 8.09 OO 6.74 0 6.21 O 6.04 

10 32.75 25 40.10 5 19.438 2 13.07 1 10.30 0.2 7.29 

20 .60 30 43.20 10 25.20 5 18.20 2 13.10 0.4 8.32 
30 48.50 — 15 29.50 10 23.80 3 15.10 0.6 9.21 
TABLE 6 VALUES OF rer/ae AND ymin FOR PLATES WITH TWO 
STIFFENERS 
8/3 2 3 ‘ 
ter/ce 54.4 38.8 26.4 16.1 11.6 9.42 
ymin 40.0 23.0 11.3 3.6 1.4 0.67 
TABLE 7 VALUES OF rer/ee AND ymin FOR PLATES WITH ONE 
STIFFENER 
8 2.0 1.5 1.25 1.0 
8/2 1.0 0.75 0.625 0.5 
ter/oe 9.42 13.33 17.90 26.40 
ymin 0.83 2.90 6.30 15.20 


As can be seen from Table 5, increasing the stiffener rigidity 
increases the load necessary to buckle the plate. If the stiffeners 
are made very rigid, they will remain straight and only the 
panels of the plate will buckle. The critical load will then be 
very nearly the same as that for a simply supported plate of the 
dimensions of one panel. If we assume these values are the 
same, the minimum rigidity ymin for which the stiffeners re- 
main straight can be found by interpolating between the values 
in Table 5; ymin is the rigidity for which the corresponding 
critical load is the same as that for one panel. In Table 6 are 
given the critical-load ratios and ‘ymin values for plates of 
various proportions. 

To compare the effects of one and two stiffeners in a plate the 
‘ymin Values for plates with one stiffener (2) are given in Table 7. 
We see that for any given plate, considerably higher critical-load 
values are obtained by using two stiffeners than by using one. 

In certain applications it is convenient to refer the stiffener 
rigidity to the rigidity of one panel. Suppose we introduce the 
symbols 8’ and y’ defined by 


B’ =c/b; vy’ = B/cD 
where c is the spacing between stiffeners. Values of -y'min 
3 
» 
S$ 
)- ONE STIFFENER 
«é | SURVEY TWO PANELS. 
\ )- TWO eee. 
As 
40 
Q 
< 
« 
2 4 6 8 


PANEL RATIO pa 


Fie. Requirep Stirrener Rigwwiry ror Given PANEL PrRopor- 
TIONS 


| 
| ; 
4 a 
} 
m+s } odd 
n+) 
mnt}? 

fi 
2 
& 
2 
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TABLE 9 COMBINED SHEAR AND BENDING COEFFICIENTS IN EQUATIONS FOR Amn 


Au Ay Ais Aun Ax Ay Au Au 
Au (+ 0 0 0 0 0 
0 — (1 + 98%) 0 0 0 0 
An 0 0 gag + 0 0 0 
Au 0 0 0 0 5? 0 aon (9 + 6)? 0 
As 0 0 0 0 p 0 0 (1 + 


and 1,,/o, corresponding to various values of 8’ are given for 
one and two stiffeners in Table 8. 


TABLE 8 VALUES OF y’min AND rer/o6 CORR TO 
VALUES OF 6’ FOR ONE AND TWO STIFFENER 


————One stiffener——-——. ——--—Two stiffeners—— 

Ter Ter 

8’ ymin oe ymin ve 
0.500 30.40 26.40 0.333 120.0 54.40 
0.625 12.60 17.90 0.400 69.0 38.80 
0.750 5.80 13.33 0.500 34.0 26.40 
1.000 1.66 9.42 0.667 10.8 16.06 
ae 0.833 4.2 11.61 
1.000 2.0 9.42 


These values have been plotted in Fig. 3. Note that there is 
only a slight increase in the requisite stiffener rigidity for the 
case of three panels over the requisite rigidity for the case of two 
panels, the panel proportions being the same in both cases. For 
more than three panels, the y’min value for three panels should 
be a very close approximation of the correct value. 


Piates LOADED BY COMBINED SHEAR AND BENDING FoRCcES 


If, as shown in Fig. 2, the plate is loaded by uniformly dis- 
tributed edge shearing forces and linearly distributed tension 
and compression at the ends, we can assume again for the de- 
flection the expression in Equation [1]. The work done by the 
edge forces during deflection will be in this case 


h b a Qy a b 
1— ) w,2dx — ch 


dxdy... .({13] 


while the elastic energy stored in the plate V will be, as before, 
the expression in Equation [2]. When V is equated to V; and 
the expression for w is substituted we obtain, as the condition 
for buckling 


v 
where 
b? ab n 
oa 
Mntj 


(mt — 72) — n2) 


(n+) odd 


The deflection form must be such that the critical load is a 
minimum. We therefore differentiate oocr with respect to the 
constants A,,,. This leads to a system of linear equations for 


constants A,,,. If we let 


the typical equation of this system becomes 


(m? + 8?n*)2A,,, + mnp As, (m? — nt) 


__ Km nj 


where (m + %) and (nm + j) are odd numbers. The coefficients 
of the constants A,,, in this system are given in Table 9. The 
critical load ratio K is obtained by equating to zero the deter- 
minant of the system. Calculations have been made by Stein (5) 
using four of the constants A,,,. We here use the eight terms 


TABLE 10 VALUES OF K AND p FOR VARIOUS VALUES OF 8 


B=1 B= B = */; B= 
K p K K p K 
0 25.64 0 24.5 0 23.90 0 25.64 
2 24.58 4 22.84 4 23.05 4 25.40 
4 22.18 8 17.72 8 20.35 8 24.30 
6 18.43 10 13.25 12 15.23 12 22.55 
8 12.37 ll 10.01 14 11.04 16 19.94 
9 6.85 12 4.61 15 8.00 20 16.13 
9.42 12.26 0 16.09 0 24 10.26 
26 44 

26.9 0 
~ 


| 
Va 
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An, Aix, Ais, Any Az, Ars, An, and Az. By equating to zero 
the eighth-order determinant, we obtain the following equation 
for K and p 


16 16 fe? 
16 


16, 16 ) +#) 
2597 2593 Je Js 


4 4% 4 
— | = 0....{16] 
5 Je Js 9 gs 9 gi 
in which 
= 3233 (1 + 87)? gs = (1 + 6%)? f= 
3 
= 3958 (1 + 487)? (4+ 98)? = — 358 
3? 4 
93 32,3 (1 + 98?) 3233 (9 + 6?) fs 
Sin? 12 


The presence of the edge shearing forces is found to reduce the 
critical maximum compressive stress goer. For various ratios 
a/b and various values of p the K values were calculated by 
Equation [16], and are given in Table 10. 

These values have been plotted in the curves in Fig. 4. When 
K = 0 we have the condition for buckling of a plate in pure 
shear, while for p = 0 we have the condition for buckling of a 
plate with bending stresses at the ends. The values of p when 
K = 0 agree very closely with those obtained by Timoshenko 
for the case of pure shear. The slight disagreement for small 
values of 8 is due to the fact that only five of the (¢ + 7) even 
terms were used in these calculations, while Timoshenko uses 
six terms. To have used six terms with even numbers of (7 + 7) 
would have required calculations with a ninth-order determinant 
instead of an eighth-order determinant. For pure shear and 
8 = 2, the difference in the values of p for five- and six-term 
calculations is only 2 per cent. For pure bending (o = 0), the 
values of K agree with those obtained by Timoshenko using 
three terms. 


EXAMPLES 


Suppose we have a plate with edge shear loading which we 
wish to reinforce with two stiffeners. Suppose a = 20 in., 
b = 10in., h = 0.035 in., Z = 30 X 10% lb persq in., and » = 0.3. 
Let it be required to find the load causing the plate to buckle, 
and the proper rigidity for the stiffeners. Then D = (30 X 
10* X 0.035%) /[12(1 — 0.09) ] = 117.9 lb in., and o, = 117.9%?/ 
(100 X 0.035) = 333 Ib per sq in. For 8 = 2 we have from 
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Table 6 1,,/o, = 16.1, and ymin = 3.6. Hence, 7, = 16.1 
X 333 = 5350 lb per sq in. B/aD = 3.6, and B = 3.6 X 20 
X 117.9 = 8500 lb sqin. If one stiffener were used, the critical 
shearing stress would be 3130 lb per sq in., and the requisite 
stiffener rigidity would be 1960 lb sq in. 

As a second example, take the case of a long rectangular plate 
with many stiffeners. Suppose b = 8 in., h = 0.051 in., EF = 
10 X 108 lb per sq in., and uw = 0.35. Let it be required to find 
the stiffener spacing and rigidity in order for the plate to buckle 
when r = 9000 lb persqin. Then D = (10 X 10* X 0.051)/ 
[12 & (1 — 0.1225)] = 126 lb in., o, = 12627/(64 X 0.051) = 
381 lb per sq in., 7,, = 9000 lb per sq in., r,,/e, = 23.61. From 
Fig. 3 we find 8’, so that the proper stiffener spacing is ¢c = 8 
x 6’ = 8 X 0.535 = 4.28 in. If we determine the stiffener 
rigidity on the assumption that every third stiffener is perfectly 
rigid, we use the curve for y’min for two stiffeners in Fig. 3, 
and find y’min = 28. The corresponding value of B is 15,100 
Ib sqin. If we had assumed every second stiffener was perfectly 
rigid we would have obtained the values 24.5 for ymin and 13,200 
lb sq in. for B. 

Suppose a rectangular duralumin panel _ < 8 in. is loaded 
by bending and shearing forces. Let the maximum bending 
stress be 3000 lb per sq in., and let it be required to find the 
shearing stress that can be carried without buckling for h = 
0.051 in. In this case 8 = */;, D = (10 XK 108 X 0.051)/ 
{12(1 — 0.1225)] = 126 lb in., o, = 126%7/(144 X 0.051) = 
169.4 lb per sq in., and K = 3000/169.4 = 17.71. From Fig. 5 
the value of p for 8 = 2/3; and K = 17.7 is 10.35. The corre- 
sponding value of r,, is 10.35 X 169.4 = 1754 lb persqin. The 
plate will buckle if the shearing stress is greater than this value. 
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Compressibility Determinations Without 
Volume Measurements 


By E. S. BURNETT,? 


The author describes a new method of determining the 
isothermal deviations of a real gas from compliance with 
ideal gas laws. This method eliminates all volume and 
mass measurements from the experimental observations, 
and permits calculation of the deviations from observa- 
tions of pressures and temperatures only. 


INTRODUCTION 


r YHE CUSTOMARY experimental methods of determining 
the deviation factors for a gas require measurement of iso- 
thermally associated pressures and volumes of a constant 

mass of gas. Experimentally, it is much easier to measure pres- 
sures than it is to measure volumes, with the requisite precision, 
especially when the pressures are high and the associated volumes 
are small. It is the purpose of this paper to outline briefly an 
apparatus, an experimental procedure, and methods of handling 
observational data, developed by the writer, which eliminate the 
necessity of making any volume measurements. 

This method depends only upon accurate observations of pres- 
sures of the gas before and after undergoing expansion through 
a constant volume ratio from one container into an evacuated 
container both maintained at the same constant temperature. 


DEFINITIONS 


The isothermal deviation factors K of a gas may be defined by 
the ratio 


= (K), (0,] 
or its equivalent 


in which P is the absolute pressure, » is the volume of unit mass 
of the gas, V is the volume of M units of mass of the gas, and 7’ 
is the absolute temperature. The subscript s indicates a stand- 
ard or base reference pressure at which K is obviously unity. 

For an ideal gas K is always unity because the isothermal prod- 
uct PV is constant. For real gases PV is not constant, but 
varies with pressure, hence, K is a function of pressure. 


APPARATUS 


In Fig. 1, V’ and V” represent two containers, or their respec- 
tive volumes, of any convenient random capacities, not neces- 
sarily equal, neither of which need be known, supported in a con- 
stant-temperature bath. Connections and valves for filling 
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through \’, for emptying through V", and for measuring the 
pressure in V’ are provided as indicated. The constructional 
proportions or arrangements of these containers are such that 
any change of volume due to distortion or stretch when under 
operating pressures is of negligible effect on the relations set forth 
in this paper. Pressure jackets connected and operated as indi- 
cated in Fig. 1 serve this purpose. 

Pressures are measured on a rotating-piston dead-weight gage 
of the Keyes* type connected to V’ through a pressure-balance 
indicating separator shown in section above V’ in Fig. 1. This 
device serves the triple purpose of separating the fluid under test 
from the oil below the rotating piston, of acting as a dual check 


JACKETS =ROM OL 


AND DEAD WEGHT GAGE WRES TO PLOT LIGHTS 
SUPPLY | EXPANSION DISCARD VACUUM 
) VALVE VALVE VALVE 


oto 


Fie. 1 ApPARATUS FOR DETERMINING PressurE Ratios WITHOUT 
VoLuME MEASUREMENTS 


valve against any unbalance between the gas pressure and the 
oil pressure, and of electrically indicating, through insulated 
needle points over mercury supported by a flexible-steel separat- 
ing diaphragm clamped between steel flanges, the mid-position 
of that diaphragm. 


EXPERIMENTAL PROCEDURE 


1 Evacuate both containers, noting the residual absolute 
pressure; with a good pump this should be negligible—less than 
0.1 mm of mercury. 

2 Close the expansion valve between V’ and V”, charge V’ 
with gas to be tested to any high pressure within the safe working 
limits of the containers, and isolate this charge in V’ by closing 
the supply valve. 


3 “‘High-Pressure Technic,”’ by F. G. Keyes, Industrial and Engi- 
neering Chemistry, vol. 23, 1931, p. 1375. 
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3 When temperature equilibrium has become established, 
measure the pressure P» of the gas in V’. 

4 With valve to vacuum pump closed, expand the charge in 
V’ into evacuated V” through the intermediate expansion valve. 
Measure the resulting equalized or expanded pressure P; as soon 
as temperature equilibrium has again become established. Evalu- 
ate the pressure ratio Po/P;. 

5 Close the expansion valve, discard gas in V", and re-evacu- 
ate V", thus leaving V’ filled with gas at the equalized pressure 
P,. 


pressure ratios P,/Pa, P:/Ps, Pa-s/Pa-1, Pia Con- 
tinue the process to as low an absolute pressure as can be meas- 
ured with sufficient accuracy—to be defined later. 


TREATMENT OF DaTa 


1 Plot the pressure ratios, indicated in step 6 of the proced- 
ure, as ordinates Y, against their respective initial pressures 
Po, P,, Ps —% Py as abscissas X. 

2 Through the points thus plotted, draw a smooth curve and 
extend it until it intersects the axis of the pressure ratios, that 
is, the Y-axis. The value of this intercept, corresponding to P = 
0,is N = (V’ + V")/V’, in which V’ and V” represent the volu- 
metric capacities of the corresponding containers. 

3 With N thus evaluated, determine the several products, 


N*P., N'P,, N*Ps, ...... OP... 

4 Plot these several products as ordinates Y against their 
respective pressures Po, P;, Ps, ...... Pn-2, Pn-1, P, as abscis- 
sas X. 


5 Through the points thus plotted draw a curve to intersec- 
tion with the ordinate at P,, the reference pressure, and read the 
numerical value of this intercept; arbitrarily designate this value 
a NP, 

6 Divide the products in step 3 by this intercept value 
N'P,. The corresponding quotients are the required K factors. 


Thus: (N®Po)/(N°P,) = (Ko), (N'P:)/(N°P,) = 
(N*P,)/(N°P,) = (Ka) ------ (N*P,)/(N°P,) = (K,),- 
7 Aplot of (Ko),, (K:),, ...---. (K,), versus Po, Pi, ...... 


respectively, shows the isothermal deviation factors as a function 
of pressure, all referred to K = (K,), = unity at P = P,. 


CHANGE oF DeviaTION Factor CHANGE OF BaAsE 
REFERENCE PRESSURE 


Dividing these K values by a particular A value (K,), at 
some other base pressure P, yields another set of deviation factors, 
(Rely (K,), referred to K = (K,), = unity at 
P = P,. Expressed analytically 


(K),/(K5), (K), 


and conversely, 


(K),/(K,), = (K), 


whence 
(K,), (K,), = 1 


These relations permit proper comparison of deviation factors 
that may have been variously reported. 


Brier Proors oF RELATIONS 
(a) Graphical Evaluation of Volume Ratio N. From Equa- 


tions [0,] and [0,] 
PV = M(Pv) = M(Pv), (K), 
hence, for the gas initially in V’ 
M, (Pv), (Ko), (1,] 


and after expansion into V’ + V” 


P,(V’ + = {1,] 
Similarly, for the second sequence of operations 
P,V’ = (2,] 
PV’ + V"’) = (2,] 
and, in general, for subsequent sequences 


These equations are grouped in pairs differentiated by the 
different masses of the gas involved in the successive expansions. 
Dividing the first equation of each pair by its second and putting 
V'/(V’' + V") = 1/N there result, severally expressed 


+") LNP, (Ki). PAV’ +V9/M Pw 
(3: ] 
PAV'+V") LNP: +V")/Mz 
[32] 
PV’ + V") NP, (K,), 
PV’ + V")/M, — 


The quantities represented in general by (Pa-1V’)/M, and 
P,(V’ + V")/M, equivalent to (P,-:».-1) and P,»,, respec- 
tively, are both approaching the same ultimate limiting value 
of the product Pv — which value will be designated by (Pv)*, 
[0 < (Pv)* < ©] —as P approaches zero, and hence as v 
approaches infinity, ic., as nm increases indefinitely. There- 
fore, the ratios (Pn -,0n-1)/(P,v,) and (Kn -:),/(K,), are ap- 
proaching unity as a limit as P approaches zero. 

It follows therefrom that the limit of P,-,/P,, is N times the 
limit of (Kn -1),/(K,),, as P approaches zero, and is N. Hence, 
the intercept at P = 0 of a proper curve through a plot of the 
pressure ratios versus the corresponding pressures determines 
the volume ratio N. 

(b) Proof for Step 6 in Treatment of Data. Take the several 
equations enclosed in brackets in Equations [3:], [32]... ... (3,] 
and write them inverted, omitting the subscript s for simplicity. 
The results are 


[4,1] 


2 
= 
Form, from Equations [4;], [42], [43]......[4,], the several 
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cumulative equation products [4:], [4:] [42], [4:] [42] x 
[4s], ete., obtaining the series 


[50] 
N'P, Ki 
N?P, Re 
P, [5s] 


Equation [59], an identity, is added at the beginning to make 
the series complete in form. 
Arbitrarily write 


in which N‘P, is defined and determined under step 5 in treat- 
ment of data. 
Divide each of the Equations [59] to [5,,], inclusive, by Equa- 
tion [5,], obtaining 
N°P» 


= Ko [60] 
N'P 
N?P, 

N?P. 
N"P 

N'P, (6,,] 


which are the relations expressed under step 6 in treatment of 
data. 


EmprricaL RELATIONS ExprEsSING JSOTHERMAL DEVIATION 
Facrors K as FunctTions OF PRESSURE 


The form of a graph of K versus P may suggest some empiri- 
cal expression relating K to P such as the linear relation 


or the parabolic relation 
[8] 


in which a, b, and c are parameters easily determined from the 
data or graphs. 

When the pressure ratios, under step 1 in treatment of data, 
plot linearly with pressure, the linear relation is to be inferred; 
for on substituting a + bP for K in the bracketed Equations [3], 
it is easy to show, in general terms, that 


P.-:/P, = N + (N —1)kP,-1............ [9] 


(where k = b/a) is the straight-line relation between pressure ratios 
and pressures. The intercept N and slope (N — 1) k are readily 
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determinable from the graph, and k = slope/(N — 1). Com- 
bining k = b/a with K, = 1 = a + DP, there results 
a = 1/(1 + kP,) 
{10} 
b =k/(1+kP), 


When the graph of K versus P appears to be of the parabolic 
type, then a plot of (K — 1)/(P — P,) versus (P — P,) should 
approximate a straight line having the equation 


(K—1)/(P—P,) =b' +e(P—P,))...... (11) 


the parameters of which are the intercept 6’ and the slope c. 
This readily transforms into 


in which 
a = 1 — + cP,? 
b = b’ — 


Other than linear or parabolic relations may be suggested by 
the graph of K versus P, especially when sufficiently extensive. 
They probably should be suggested, for the linear and parabolic 
relations are limited in their range of application. 

Any empirical function expressing a probable relation between 
K and P, as K = a + f(P), may be substituted for the K terms in 
Equations [3], thus, 


a+f(Pn -1) 
Nr, K,, 


a+f(P,) 


Theoretically a sufficient number of such expressions as Equa- 
tion [14] may be solved simultaneously for each parameter and 
for N in terms of observed pressures only; hence, analytically, 
no knowledge whatever regarding either of the volumes involved 
in this experimental method, nor of their ratio, is necessary to 
determine the deviation factors of a fluid; accurate observation 
of pressures only are needed. 

Practically, it is desirable to know this ratio with considerable 
precision. It can be determined graphically as already de- 
scribed, or analytically as just indicated. Since these deter- 
minations of N depend upon the trend of observed pressure ratios 
as a function of pressure, and since in general the relative accu- 
racy of determination of these pressure ratios is almost propor- 
tional to the magnitude of their corresponding pressures, they 
should be weighted accordingly. 

From a practical standpoint it is preferable to determine the 
volume ratio N of the experimental arrangement here described, 
by calibration with a gas such as helium or hydrogen whose iso- 
thermal deviation is known to be linear with pressure over a con- 
siderable pressure range. The intercept on the ratio axis of the 
best straight line through a plot of the pressure ratios observed 
with these gases versus their corresponding pressures determines 
N. The method of least squares, weighting the ratios in propor- 
tion to the relative magnitudes of their mean pressures, is sug- 
gested for determining the best value for N. 

In case neither helium nor hydrogen is available for calibra- 
tion, air, nitrogen, oxygen or other gas whose deviation factors 
are known (as reported in International Critical Tables, or else- 
where) may be used and the volume ratio determined from the 
relation 


in which P,-; and P,, are the observed pressures determining a 
pressure ratio, K,-, and K, are the corresponding deviation 
factors taken from the tables. Here again, the several values of 


K 
4 
Pr-i/P, (15) : 
Kn-1/Ky 
= 


4 
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N computed from different sets of observations by Equation 
[15] may be weighted in proportion to their respective mean 
pressures for determination by weighted average of the most 
probable value of N. 


EXAMPLES ILLUSTRATING APPLICATION OF THE DESCRIBED _ 


MErTHOps TO AcTUAL EXPERIMENTAL DaTA 
(PREssURES EXPRESSED IN ATMOSPHERES) 


(a) The Linear Type of Deviation. Tests with pure helium at 
0 C yielded the data presented in Table 1, which also includes 


TABLE 1 OBSERVED AND CALCULATED PRESSURES AND 
PRESSURE RATIOS FOR PURE HELIUM AT0C 


Weight XxX Y Y observed- 
assigned -—atmospheres—~ Y calculated 
16 Po 123.4362 Po/Pi 2.062933 2.062932 +0.000001 
8 Py 59.835; Pi/P: 2.029636 2.029645 -—0.000009 
4 29.4803 2.013798 2.013759 +0.000039 
2 P; 14.639 P3/Ps 2.005892 2.005992 —0.000100 
1 Ps 7.298 Pi/Ps 2.002250 2.002150 +0.000100 
0 Ps 3.6450 Ps/Ps 1.998684 2.000238 —0.001554 
Ps 1. 8237 : 
Calculated from Equation [16]. 
2.08 | | | 
2.07 Pure Helium at 0°C 
Run of July /4,/933 --- 
z.06 Run of July /7,/933. 
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1.99 J 
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Fig. 2 VARIATION OF PRESSURE RaTIos WITH PRESSURES FOR 


HELIUM 


some calculated values. Fig. 2, a plot of the pressure ratios Y 
versus their initial pressures X, shows a linear relation except 
for the last ratio which appears off the line by nearly 1/1300 as 
shown by the comparison in the last column of Table 1. A 
weighted least-square determination of the best straight line 
yields 


= 1.998330 + 0.00052336 X¥............. [16] 


from which N = 1.998330, and k = 0.00052423. 

A check test run on pure helium at 0 C yielded the data and 
results presented in Table 2, in which the maximum departure 
from linearity is seen to be less than 1/22,000. 


TABLE 2 CHECK RESULTS OF OBSERVED AND CALCULATED 
PRESSURES AND PRESSURE RATIOS FOR PURE HELIUM ATO C 


Weight xX Y Y observed- 
assigned —atmospheres—~ ——-observed——. calculated® Y calculated 
32 Po 114.381, Po/Pi 2.058252 2.058269 —0.000017 

16 Py 55.572: Pi/Ps 2.027572 2.027481 +0.000091 

8 27.4082 2.012660 2.012736 -—0.000076 

4 Ps 13.6179 P3/Ps 2.005464 2.005516 —0.000052 

2 Ps 6.790. Ps/Ps 2.002005 2.001942 +0.000063 

1 Ps 3.391ls Ps/Ps 2.000118 2.000163 —0.000045 

Ps 1. 695s 


The data of Table 2 yield by the weighted least-square method 
the line 


Y = 1.998387 + 0.00052353 X.............. [17] 


from which N = 1.998387 and k = 0.00052437. 

The volume ratios yielded by these two sets of data differ by 
but 1/35,000. The k values differ by 1/7500 from their average 
0.00052430, an excellent agreement. These two tests yield 
for the deviation factors of pure helium at 0 C, that is, for K, = 
lat P, =0 


K = 1 + 0.00052430 [18] 


For comparison, the results of Holborn and Otto on pure he- 
lium at 0 C, as revised by Otto,‘ yield 


K = 1 + 0,00052476 [19] 


which at 100 atmospheres differs from the author’s value by 
only 1/24,500. 
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Fie. 4 Derviation Factors AND COEFFICIENTS FOR AIR AT 30 C 


‘Die Titigkeit der Physikalisch-Technischen Reichsanstalt im 
Jahre 1927,”’ by J. Otto, Zeitschrift fiir Instr tenkunde, vol. 48, 
no. 6, June, 1928, pp. 257-258. 
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Two runs on pure helium at 50 C made six months apart yielded 
two k values which differed from their average, 0.00043770, 
by only 1/27,000. The deviation factor at 100 atmospheres 
computed therefrom agrees with the revised factor computed from 
the results of Holborn and Otto to1/12,600. Fig. 2 shows two 


separate lines for these two tests; the slightly different intercepts - 


and slopes of these lines attest an actual change in the volume 
ratio due to repair of leaks that developed in the interval. 

(b) The Parabolic Type of Deviation. Air at 30 C. Figs. 3 
and 4 present the graphical treatment of data obtained from three 
runs on air at 30 C. The lower curve of Fig. 3 shows the varia- 
tion of pressure ratio with pressure for a volume ratio N of 
1.99833, as determined with helium at 0 C. The three upper 
curves show separate plots for each run, of the various products, 
N°Po, N?Ps, ...... N*P,, versus their respective pressures. 
The intercepts at P = 0 and at P = 26 atmospheres, a pressure 
common to the higher range of each test, are indicated on the 
figure. Division of the ordinates of these three curves by their 
respective 26-atmosphere intercepts yielded the K’ values shown 
as the upper curve of Fig. 4 which refers the K’ values to unity 
at 26 atmospheres. The ordinates of this curve divided by its 
intercept at P = 0 yields the K values shown as the lower curve 
of Fig. 4 which refers the K values to unity at P = 0. 

Applying the test of Equation [11] to the K versus P curve 
yields the straight-line relation shown in Fig. 4 from which, for 
P, = 0, is obtained the parabolic equation for air at 30 C 


K = 1 — 0.0002785 P + 0.000002315 P?......... {20} 


For comparison, an interpolated formula for air at 30 C from 
the data reported by Holborn and Schultze® is 


K = 1 — 0.0002710 P + 0.000002205 P?......... [21] 


* “‘Uber die Druchwage und die Isothermen von Luft, Argon, und 
Helium zwischen 0 und 200°,’ by L. Holborn and H. Schultze, 
Annalen der Physik, vol. 47, 1915, p. 1089. 


Corresponding values of K computed from Equations [20] and 
[21] differ by less than 1/8000 up to 80 atmospheres. 

Application of the observed pressure ratios of these 30 C air 
runs to Equation [15], supplying the associated K values from 
the data of Holborn and Schultze as given by Equation (21) 
yielded a weighted mean value of N = 1.99833, which is 1/40,000 
less than the average determined by the two runs with pure he- 
lium at 0 C, 

Two other methods, too long to detail in this paper, based 
upon analytical development of certain assumed relations for 
Equations of type [14], applied to these air data, yielded weighted 
mean values for N agreeing even more closely with the foregoing 
value. 

Probably enough has been presented in this paper to demon- 
strate the inherent simplicity, and the high precision possible 
with this new method of compressibility determinations without 
volume measurements. There are a number of other important 
relations algebraically expressible, dealing with the determina- 
tion of deviation factors by this method, and several other 
useful graphical aids to interpretation of observational data thus 
obtained, that warrant consideration. A more detailed presenta- 
tion of these matters, description of auxiliary equipment de- 
veloped for bath-temperature control and for precise pressure 
measurement, discussions of the effects of various uncertainties 
of temperature and pressure measurements and of volume ratio, 
the correlation of deviation factors for various temperatures, all 
illustrated by actual experimental data on various gases will, 
it is anticipated, appear shortly as a Bureau of Mines publica- 
tion. 

There will be included a discussion of the technical require- 
ments necessary for obtaining results satisfactory for commer- 
cial accuracy; and a discussion of the modifications of equip- 
ment and procedure necessary to handle two-phase fluids of 
one or more components, 
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Research in Fluid Mechanics 


By M. P. O'BRIEN?! anv R. G. FOLSOM,? BERKELEY, CALIF. 


HE FOLLOWING notes on progress in fluid mechanics 
ie January, 1935, present merely summaries of selected 
articles rather than a complete bibliography of the subject. 
This approach is made necessary by the many subdivisions of 
the field, in many of which summaries and bibliographies are 
already available. The reader is referred to Zentralblatt fir 
Mechantk, Engineering Index, Engineering Abstracts, N.A.C.A. 
Bibliographies, and to various magazines which include biblio- 
graphic material such as the Journal of the Aeronautical Sciences, 
the Journal of the Royal Aeronautical Society, and others, for 
additional titles. Articles appearing in the publications of The 
American Society of Mechanical Engineers are not included. 
Publication of the remaining volumes of ‘Aerodynamic 
Theory,” edited by Durand, is of outstanding importance to 
workers in all branches of fluid mechanics. A new journal in 
the field is the Revue Générale de L’Hydraulique. The Section 
of Hydrology of the American Geophysical Union plans to initiate 
a journal but publication has not been started. The papers 
presented at the Fourth International Congress for Applied 
Mechanics have been published as summaries except for the 
general lectures which were printed in full. The Daniel Guggen- 
heim Airship Institute is now publishing some of its results at 
irregular intervals, publication No. 2 appearing in 1935. 


SUMMARIES 


Intensive investigation by many workers over a period of years 
frequently results in such a mass of published material that only 
the specialist in a particular subject has the perspective to 
evaluate the different results. For this reason, summaries of 
progress are of great value to investigators in related fields. 
Prandtl (1)* has simmarized and extended the theoretical aspects 
of the flow of compressible fluids at velocities above and below 
that of sound with particular reference to the flow around ob- 
jects. A review of both theoretical and experimental progress 
in aeronautical research supplemented by a selected bibliog- 
raphy has been prepared by Kohler (2). Riabouchinsky (3) 
has published an inspiring record of his own work in fluid me- 
chanics, including little known or unpublished results obtained 
at his private laboratory at Koutchino. Fage (4) has compiled 
examples of the application of aerodynamical research to hy- 
draulic practice. Introductions to the theory of fluid me- 
chanics by Prandtl (5) and Eck (6) should prove especially useful 
because of the large number of flow photographs. Progress of 
investigation of the boundary layer is reported by Bairstow (7) 
and Lyon (8), while Leaderman (9) presents a summary of the 
fundamentals of the subject. 


TURBULENCE 


G. I. Taylor (10) has made what promises to be a valuable 
contribution to the theoretical treatment of turbulent flow by 
substituting for the “mixing length,” other linear dimensions 
definable in terms either of the correlation between the velocity 
at a given point at different times or between the velocity of the 
same particle at different times. This conception is intended 
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to obviate the difficulties which arise from the assumption that 
the mixing length is the distance traversed before a particle takes 
on the average property of its surroundings. The latter defini- 
tion results in mixing lengths which depend not only upon the 
flow conditions but upon the property being transported since, 
for example, the distance traversed by a particle before taking 
on the temperature of its surroundings will depend upon the 
conductivity of the fluid. Attention is directed particularly to 
turbulent flows in which turbulence is created to a definite scale 
as in the wake of a honeycomb or regular screen. For such 
experiments it is found that a length analogous to the mixing 
length, has a value 1; = 0.1 M, where M is the length of one 
side of the square mesh. Another length equal to the average 
size of an eddy is given for the same conditions as = 0.2 M. 
The average size of the smallest eddies which are responsible 
for the dissipation of energy by viscosity is represented by a 
third length, x. 

A relationship developed theoretically by Taylor and verified 
experimentally is that 


where W is the rate of dissipation of energy per unit volume, 
u? is the mean square variations in one component of velocity, 
and uw is the viscosity. The rate of decay of turbulence behind 
a square mesh is represented by the equation 


U 


A M +B 

where A is a universal constant, B is a constant depending on the 
origin of z, and u is a component of the turbulent velocity. 
Application of the theory to the flow between parallel walls 
shows that in the region near the walls turbulence is created 
more rapidly than it is dissipated. It is also shown that the 
average rate of change of pressure associated with the velocity 
fluctuations can be represented by 


dp 

= An 

where i, is a measure of the smallest size of eddy and is about 
2x. 

A number of points regarding the theory remain to be clari- 
fied, but the close agreement between the experimental results 
and the predictions based on the theory indicate that it more 
accurately describes the nature of turbulence than the older 
theories and that it will undoubtedly provide a background for 
extensive theoretical and experimental investigations. 

A second paper by G. I. Taylor (11) compares the momentum- 
transport and the vorticity-transport theories for the case of 
flow between concentric cylinders with the inner cylinder ro- 
tating. Over the central portion of thé space the product Ur 
is found to be constant. When heat was supplied to the inner 
cylinder, the temperature was found to decrease continuously 
outward, whereas according to the momentum-transport theory 
the distribution of temperature should be identical with that 
of Ur. The conclusion is drawn that the vorticity-transport 
theory can account for the distribution of velocity where Ur is 
constant, but that it cannot account for the distribution near the 
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solid surfaces where the momentum-transport theory is valid. 

Rossby (12) applies the theory of turbulent jets to the problem 
of oceanic circulation. Salinity-temperature data for the Gulf 
Stream are examined critically and found to be unsatisfactory 
as an indicator of the horizontal mixing process while oxygen- 
salinity data promise to give a basis for analysis. The author 
proposes the theory only as a working hypothesis. Papers by 
Rossby and Montgomery (13) deal with the application of the 
turbulence theory to the frictional drag of the wind on the ocean 
surface. Rossby finds that the tractive force exerted by the 
wind on the sea under equilibrium conditions can be expressed as 


tT = 23.6 X 1074p W? 


where 79 is the tractive force, p is the air density, and W is the 
wind velocity 15 m above the surface. He also finds that under 
the same conditions the effective roughness for steady moderate 
to strong winds is about 0.6 cm. Sverdrup (14) develops a 
method of computing the “austausch coefficient” in the lower 
layers of the atmosphere from data on roughness and the dis- 
tribution of velocity and temperature. Two numerical con- 
stants enter the problem, one the universal constant of the tur- 
bulence theory K which applies to an adiabatic temperature 
distribution and, 8, a constant representing the stabilizing in- 
fluence of deviations from this adiabatic condition. The analysis 
proceeds from a consideration of the changes in potential energy 
snvolved in the mixing process and involves the criterion of 
stability proposed by Prandtl. A similar study by Schlichting 
(15) of the stability of flow between a lower cooled plate and an 
upper heated plate showed that turbulence cannot persist when 


y 
j 


dl 
where p is the density, and ( rs ) is the velocity gradient at 
w 


the wall. Good agreement was obtained between theory and 
experiment. 

Several experimental investigations have been completed for 
the purpose of comparing Nikuradse’s results obtained with sand 
grains attached to circular pipes to other types of artificial 
roughnesses. Streeter (16) studied roughnesses produced by 
cutting different shaped threads on the inside surface of a circular 
pipe. His roughness results are expressed in terms of equivalent 
sand-grain size by comparison with Nikuradse’s results. Schlicht- 
ing (17) made a more comprehensive investigation for the pur- 
pose of developing a method for conveniently measuring the 
roughness of commercial surfaces as well as testing different types 
of artificial roughness. His method used a narrow rectangular 
pressure conduit, one broadside formed by the rough surface 
and the remainder were smooth walls. Measurements included 
rate of discharge, pressure gradient taken from piezometers in 
the broad smooth wall, and velocity distributions. The shearing 
stresses at the smooth and rough walls were computed from the 
experimental velocity distributions near those walls. Satis- 
factory check results on shearing stress at the rough wall were 
obtained from difference of average shearing stress at the wall 
determined from pressure gradient and that for the smooth wall 
obtained from velocity distribution. A total of 21 types of 
roughness were included and the roughness magnitudes expressed 
in equivalent sand size. Unsatisfactory attempts were made to 
correlate frequency and shape of projections, in addition to the 
relative height roughness studied by Nikuradse. Schlichting 
presents an example of application of his measurements for com- 


putation of the frictional drag of a full-scale ship hull having a 
geometrically similar roughness. These results apply to the 
region where the friction coefficient is independent of Reynolds’ 
number. As yet, the transition region, where resistance coeffi- 
cient is a function of Reynolds’ number, cannot be studied by 
this method. 

Roughness measurements are usually expressed in terms of 
equivalent sand size since the roughness constants of the universal 
laws for rough-surface flow characteristics were evaluated in 
terms of the long series of experiments by Nikuradse with sand 
fastened to the inside of pipes. Thus, the sanded surface of 
which the exact reproduction is somewhat in question, has be- 
come the reference standard. Although no other standard has 
been suggested, it appears that a new, easily and accurately re- 
producible rough surface should be accepted as a reference 
standard since it appears doubtful if absolute roughness can be 
computed from given geometrical measurements. 


Pire 


Experiments at Géttingen by Fréssel (18) show the friction 
losses of air in smooth, straight pipe at velocities above and 
below the velocity of sound. Four well-insulated pipes having 
diameters of 10, 20, 25, and 30 mm were used. At velocities 
below that of sound, the inlet consisted of a nozzle of the same 
diameter as the pipe while the flow was controlled and measured 
by an expanding nozzle discharging from a chamber at the lower 
end. Supersonic velocities were obtained by placing an ex- 
panding nozzle at the upstream end of the pipe, the nozzle 
throat having a diameter less than that of the pipe. The ve- 
locity distribution in both cases was measured by means of a 
pitot tube projecting 2 mm into the downstream end of the pipe. 
Flow at velocities corresponding to the velocity of sound at the 
downstream end of the pipe were obtained by placing a well- 
rounded nozzle at inlet and a nozzle of diameter greater than 
that of the pipe at the lower end. Pressures were obtained at 
pressure openings along the tubes while the weight rate of dis- 
charge was measured by a gas-holder. 

The results of these experiments are represented in dimension- 
less form as follows: The weight rate of discharge was divided 
by the pipe area to give y which was then divided by yerit, 
where yerit is the weight rate of discharge at the critical pressure 
ratio. The pressure p at any distance z from the upper end is 
divided by the initial absolute pressure px. Data obtained at 
velocities above and below the velocity of sound in all of the 
different tubes are reduced to a single diagram representing 
¥/verit as a function of p/px for constant values of z/d. It 
was found that the absolute size of the pipe had no appreciable 
influence and that there was a maximum length of pipe in which 
the velocity of sound could be obtained for the reason that the 
friction loss in greater lengths produced a compression shock. 
The maximum possible weight rate of discharge was related to 
the length of pipe by the empirical equation 


In the diagram of ¥/crit versus p/px, velocities above and 
below that of sound are divided by a curve agreeing reasonably 
well with the theoretical result. A noteworthy feature of this 
diagram is the fact that the curves of constant x/d are discon- 
tinuous at the boundary between the two regions. By allowing 
for the pressure gradient resulting from aecelerations of the fluid, 
the pipe friction factor f was computed and it was found that at 
velocities both above and below that of sound, the friction 
coefficient agreed well with the equations of Nikuradse obtained 
from experiments with water in smooth pipes. 
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Measurements of the velocity distribution at low velocities 
showed that for z/d 2 36, the curve suffered no further change. 
At the same Reynolds numbers, these velocity distributions 
agreed with Nikuradse’s water measurements. Velocities in the 
supersonic range were not measured because they cannot be 
maintained in the length of tube necessary to obtain a fully 
developed velocity distribution. 


METERING 


Considerable progress has been made in the correlation of 
existing data and methods of application of quantity-rate meters. 
The third revised edition of the V.D.I. Regeln was published in 
1935 (19). This latest work introduces some new specifications 
which make the German standards for nozzle and orifice dimen- 
sions and coefficients identical with those of the I.S.A. (Inter- 
national Federation of National Standardizing Association). In 
particular, the dimensions of the nozzle for area ratios greater 
than 0.45 have been changed and additional dimension specifica- 
tions have been added for orifices. The rules give coefficients 
and tolerances for normal conditions and in addition include the 
changes in these values due to abnormal factors such as pipe 
roughness, round edge on orifice, pipe out of round, temperature 
corrections for orifice areas, and insufficient length of straight 
pipe. 

An independent series of experiments (20) have been com- 
pleted in Italy on I.S.A. nozzles and orifices. These test results 
check the published coefficients (see V.D.I. Regeln) within the 
specified tolerance limits throughout a wide range of area ratios. 
This report also contains data regarding head losses due to the 
meter. 

The recent American report (21) presents a summary of work 
on square-edged orifices with various pipe pressure taps. Coeffi- 
cients and tolerances are specified for different standard locations 
of taps. The scope of the report is limited in comparison with 
the V.D.I. Regeln (19). During 1936 the joint committee 
started experimental investigations on the long-radius nozzle, 
but no summarized results are available as yet. 

The standards mentioned specify required lengths of straight 
pipe before the meter and allowable pipe roughness. These are 
convenient terms but the true variable is the velocity distribu- 
tion (magnitude and direction) upstream from the meter. Betz 
(22) has demonstrated theoretically for an ideal fluid the in- 
fluence of upstream velocity distribution and rotation on the 
discharge coefficient of a nozzle. 

Attention has been given the double orifice due to some ar- 
rangements producing constant discharge coefficients at low 
Reynolds numbers (23) and other combinations forming con- 
venient control devices. By use of two standard I.S.A. orifices 
in series, the issuing jet can be constricted in such a manner 
that the coefficient of the series meter will remain constant with- 
in tolerances to Reynolds numbers lower than 10. 


Prrot-TuBE STANDARDIZATION 


Although Pitot developed his velocity tube in 1732, a con- 
siderable number of articles are still appearing in the technical 
press regarding the best shape and calibration of this type of 
instrument. Merriam and Spaulding (24) presented the results 
of a comparative calibration of six models of well-known pitot- 
static tubes which showed the range of error of these instruments 
to be as given in Table 1. The variables affecting the design 
of pitot-static tubes were investigated experimentally. In the 
light of these results, a tube was constructed, and the tests 
showed it to have characteristics superior to those of older types. 
This work clearly demonstrated the undesirability of certain 
standard pitot-static tubes now in use. However, before ac- 
cepting the suggested design, further investigations at different 


TABLE 1 RANGE OF ERROR OF SIX MODELS OF 
STANDARD PITOT-STATIC TUBES 


Maximum per cent error 

Yaw Velocity pressure Static pressure Impact pressure 
Zero yaw +0.6 to —1.0 +0.6 to —1.0 0.0 to 0.0 
12-deg yaw +5.0 to —3.0 +5.0 to —2.0 —0.2 to —6.0 


Reynolds numbers, higher velocities, and different degrees of 
turbulence should be made. 

The error due to turbulence in measuring total and static heads 
by means of pitot-static tubes has been investigated theoretically 
(25) and experimentally (26) for isotropic turbulent fluid flow. 
The results are of preliminary character only and not entirely 
satisfactory. However, they indicate the approximate magni- 
tude of the correction for average normal conditions usually 
encountered. The static-pressure tube reading is expressed in 
the form 

s = p + + w?] 


where p is the true average static pressure, p the fluid density, 
v and w are the cross components of the turbulent velocity, and 
K is the correction coefficient. Measurements in square and 
circular pipes show K = 0.25. The value of the correction 
coefficient depends on the particular pitot-static tube and char- 
acteristics of the type of turbulent flow. 

The errors in readings of pitot-static tubes for velocity meas- 
urements of pulsating fluids have been investigated by Kiel (27). 
Using ideal fluids, the errors were computed in terms of the fre- 
quency and amplitude of the vibrations for the case of pulsation 
parallel to and at right angles to the mean velocity. Experi- 
ments made by vibrating the tube in a stream of air in steady 
flow, indicated errors in excess of calculated values. 


AIRFOILS 


Experimental investigations of airfoil characteristics at high 
Reynolds numbers of the N.A.C.A. series of related airfoils 
have been continued including mean-line changes (28, 29) to 
allow more forward position of maximum camber and high-speed 
tests (30) with thickness distribution changes for propeller sec- 
tions. Experimental investigations of high-lift devices continue 
in all large aerodynamic centers of the world. Although the 
results of the various laboratories can be compared qualitatively, 
little quantitative correlation of data has been attempted. A 
recent effort in this direction for ordinary and split flaps, based 
on empirical methods (31), considered the variables of wing plan 
form, wing aspect ratio, flap location, and flap span. This 
analysis was based on atmospheric tunnel data while results from 
the compressed-air tunnel of the N.P.L. indicate that a scale correc- 
tion of considerable magnitude should be employed. Experi- 
ments with suction and pressure slots indicate possible develop- 
ment of a high-lift wing of this type. The problem of tip stalling 
of highly tapered wing sections has received considerable experi- 
mental attention but the results leave much to be desired in the 
analysis of the variables involved. Experimentally, airfoils of 
small aspect ratio have shown exceptionally good characteristics, 
but investigations are handicapped by lack of an adequate 
theory since the lifting-line theories cannot be applied due to 
the usual assumptions being greatly in error. 

Boundary-layer theory as introduced by Prandtl has been 
demonstrated to apply with good accuracy to plane surfaces 
parallel to the direction of flow. Recent mathematical studies 
have considered new methods for determination of separation in 
laminar boundarys when flow occurs around curved surfaces and 
into a rising pressure gradient. The von Kérm4n-Millikan theo- 
retical method (32) has been compared with Schubauer’s (33) 
measurements and shown to give more accurate results than the 
older Pohlhausen solutions. Mathematical computations fol- 
lowing Gruschwitz have been compared with experimental wind- 
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tunnel results on separation in turbulent boundary layers. 
Peters’ (34) conclusions indicate that the Gruschwitz method 
does not describe the actual turbulent boundary-layer charac- 
teristics. Other theoretical investigations of boundary-layer 
separation were completed but lack of pertinent experimental 
data prevent the evaluation of these solutions. 

Many reports in the technical press deal with wind resistance 
of road vehicles and the problem of road representation in model 
tests. An extensive wind-tunnel investigation on many shapes 
of bus bodies (35) has been completed. In spite of the large 
amount of experimental data, little correlation and little use 
has been made of the available results. 

Correlation of experimental results, particularly for the maxi- 
mum-lift coefficients, has taken a step forward in the introduc- 
tion of the effective Reynolds number (36) determined as the 
product of the test Reynolds number and the turbulence factor. 
Collected tests from several tunnels indicate the possibilities of 
this method of correlation for combined scale and turbulence 
effects controlling the separation and transition of boundary 
layers. 


Hypravtic MAacHINERY 


An important contribution in the field of hydraulic machinery 
is the four-volume work by Tenot (37), the last two volumes of 
which appeared in 1935. Of particular value is the extensive 
discussion of propeller pumps and turbines and of hydraulic 
governors. 

Experimental and theoretical work continues on the develop- 
ment of propeller-type fans, pumps, and turbines. These ma- 
chines involve high relative velocities and low heads and special 
care in design is necessary to reduce friction losses. Nearly all of 
the present investigators are concentrating on the application 
of airfoil theory and data to these machines and some success 
has been achieved in the way of predicting the operating charac- 
teristics. 

An exhaustive investigation of propeller fans was published in 
1934 by Keller (38). The general basis for the theoretical treat- 
ment is the lift and drag of airfoils as corrected for the angle of 
attack of the relative flow. The arrangement considered by Keller 
included guide vanes ahead of the propeller but his analysis 
appears to be general. Design constants, specific speed, methods 
of dimensioning, and other practical conclusions are based upon 
the general theory. 

Shimoyama (39) emphasizes the essential difference between 
the working conditions of the runner blades in pumps and in 
turbines. 

In a pump, flow along the blade surface is against a pressure 
gradient while in a turbine the reverse is true. The flow 
conditions are treated separately and design coefficients ob- 
tained which are derived from a combination of theory and 
experiment. 

Disk friction, an important factor in the design of centrifugal 
machinery, has been investigated by Schultz-Grunow (40), who 
reports theoretical and experimental studies of both viscous and 
turbulent velocity distributions. Experimental measurement 
indicated radial-velocity components only at the surfaces of the 
disk and casing while the central core of fluid between them 
rotated with a constant angular velocity. Assuming the exist- 
ence of this central core, theoretical expressions for friction 
coefficients for both laminar and turbulent boundary layers were 
obtained. 
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Two- and Three-Dimensional Cases 
of Stress Concentration, and Com- 
parison With Fatigue Tests' 


Tomas J. Dotan.?. The authors have made an important 
distinction between theoretical and effective values of the stress- 
concentration factor. The theoretical methods of approach, 
such as photoelastic and mathematical analyses or measurement 
of elastic strains, are based on the theory of elastic action of the 
material. These theoretical methods neglect many of the follow- 
ing factors which depend on the heterogeneity of the material and 
may determine the damaging or “effective”? value of the stress 
concentration: 


1 The phenomena of failure of the material when subjected 
to these complex stresses. 

2 The distribution of initial stress in the material. 

3 The number, kind, and arrangement of internal discon- 
tinuities in the material of which the member is made. 

4 The resistance which the material offers to the starting of a 
fatigue crack. 

5 The resistance which the material offers to the propaga- 
tion or growth of a fatigue crack when once started. 

6 The overall size of the member and its discontinuities in 
relation to the size of the crystalline structure of the metal. 


It is not definitely known whether the failure of a member sub- 
jected to repeated loads is caused by excessive elastic strain, ex- 
cessive stress, or whether some other phenomenon such as the 
energy absorbed is the cause of structural damage. 

Evidently theoretical analysis, based on the theory of elastic 
action, or tests to determine elastic strains are likely to be in error 
because the type of failure encountered seems to be independent 
of the elastic limit or other elastic properties of the material meas- 
ured in a static test. The curves for 0.45 per cent carbon steel 
shown in Fig. 15 of the paper evidently become asymptotic at 
values below the theoretical stress-concentration factor, but in the 
static tests on a large-diameter shaft of medium-carbon steel 
containing a fillet, the measurement of the elastic strains gave the 
data shown in Fig. 7 which fall on the curve of theoretical photo- 
of elastic values. This indicates that the failure of the material is 
not a function of the elastic action alone, but that the member 
fails due to some phenomena other than excessive elastic strains. 

A comparison may be made of the two-dimensional case of 
stress concentration at the edge of a hole in a flat strip under ten- 
sion with the data shown in Fig. 9 taken from the measurement 
of elastic strains in the three-dimensional case of a hole in a large 
shaft. The values of stress concentration shown in Fig. 9 are 
much smaller than the data obtained by photoelastic tests re- 
ported by Wahl and Beeuwkes,? and the mathematical analysis 
of Howland.‘ Evidently the elastic or theoretical stresses de- 

1 By R. E. Peterson and A. M. Wahl. Published in the March, 
1936, issue of THe JouRNAL oF AppLIeED Mecuanics (A.S.M.E. 
Transactions). 

2 Instructor in Theoretical and Applied Mechanics, University of 
Illinois, Urbana, IIl. 

3 “Stress Concentration Produced by Holes and Notches,’’ by 
A. M. Wahl and R. Beeuwkes, Jr., Trans. A.S.M.E., vol. 56, 1934, 
paper APM-56-11, pp. 617-625. 

«“On the Stresses in the Neighborhood of a Circular Hole in a 


Strip Under Tension,” by R. C. J. Howland, Philosophical Transac- 
tions, Royal Society of London, series A, vol. 229, pp. 49-86. 


Discussion 


veloped at this type of discontinuity are much smaller in the 
three-dimensional case of bending of shafts. 

Our elastic theory of stress analysis gives us only the average 
change in stress over a large number of crystals in the neighbor- 
hood of the point at which the stress is computed. This change 
in stress is caused by the application of external loads. In addi- 
tion to these average computed stresses the member may have 
inherent stresses due to faulty crystallization and uneven cooling, 
or stresses due to cold working which have been developed in 
shaping the member. When the computed stresses due to the 
external applied loads are superimposed on the internal stresses, 
the resulting significant stress, and the entire stress pattern, may 
be entirely different from that obtained by any theoretical anal- 
ysis. In larger members there probably are greater internal 
initial stresses due to shrinkage and uneven cooling, and some 
large members might be expected to show effective stress con- 
centrations greater than the theoretical value. These initial 
stresses may be important in the Ni-Mo steel, for a/d = 0.25, in 
the authors’ Fig. 15, which evidently becomes asymptotic at some 
value above the theoretical stress-concentration factor. 

Internal discontinuities in the material itself include (a) non- 
metallic inclusions of microscopic size such as slag, oxides, and 
segregated impurities, (b) weak crystalline grains in the metal 
due to segregation or to interference between the crystals when 
solidifying, and (c) a general heterogeneous arrangement of crys- 
tals, many of which are poorly oriented for resisting stress. The 
mathematical and photoelastic methods of stress analysis assume 
homogeneous, isotropic material, and might be expected to be 
somewhat in error, especially on small metal specimens where the 
localized discontinuity covers an area involving a relatively small 
number of crystals in the material. In these cases insufficient 
material seems to be involved to make the statistical value of the 
stress, as obtained by these methods, a reliable indication of the 
effective or damaging value of the localized stress at the discon- 
tinuity. Likewise, for materials such as wrought iron or cast 
iron which contain a large number of internal discontinuities, the 
effective localized stresses are not increased much by external 
discontinuities in the shape of the member. 

The damaging effect of a discontinuity may also depend on the 
resistance which the material offers to the start and to the propa- 
gation of a fatigue crack. In some recent fatigue tests at the 
University of Illinois on a low-carbon steel tested in reversed tor- 
sion, specimens were tested with a transverse hole the diameter 
of which was one fourth the diameter of the specimen. In sev- 
eral cases the writer has observed cracks which started at the edge 
of the hole and developed during several million cycles of stress. 
Then they apparently stopped, and the specimens did not fracture 
even though subjected to a total of 35 million cycles of stress. 
Evidently the cracks progressed until they reached a portion of 
the material in which the stresses were below the value required 
to propagate the crack. Localized cold-working also has some 
influence on the fatigue crack. While running similar tests on 
rail steel the writer noted that even though the specimens were 
subjected to constant maximum angular twist, the torque trans- 
mitted through the specimen increased about 5 per cent during 
the first million cycles of stress. The only explanation which 
seems plausible is that the strength of the outer fibers of the bar 
was increased by cold-working while under test. This tended to 
raise the proportional limit for this material and increase the 
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torque transmitted by tbe outer layer of material even though 
the same angle of twist was maintained; this may explain why 
the effective stress-concentration factors are usually less than the 
theoretical values. 

It has been pointed out® that even though their external di- 
mensions may be geometrically similar, two members may not be 
mechanically similar, and the stress patterns in the members may 
be different, because the size, number, and orientation of the crys- 
tals in the two cases will not bear the same relation to each other 
as do the external dimensions. The assumption that the mate- 
rial is homogeneous and isotropic is basically wrong, but may be 
a fairly good one statistically when the actions of a large number 
of the structural units (crystals) are involved. On the other hand 
the localized actions on a small group of isolated crystals may be 
entirely unpredictable on the basis of this statistical method of 
approach. Thus the stress action around “stress raisers” in 
large members involves a relatively large number of the crystals 
and may more nearly conform to the statistical values obtained 
by the mathematical theory. The highly localized stresses in 
many members may involve such a small number of crystals that 
the fortuitous stress conditions on individual crystals as influenced 
by some of the factors mentioned in this discussion may be the 
primary cause of failure, and may be quite different in value from 
the statistical or average stress in the neighborhood of these 
crystals. 


O. J. Horaer* anp J. L. Mavuupertscn.’? The question of the 
magnitude of the stress in the third plane is one of great interest 
to those engaged in photoelastic studies where analysis of stress is 
confined to two planes. This correlation between photoelasticity 
and strain measurements gives considerable importance to such 
theoretical studies as they are applied to practical problems of de- 
sign. For this reason it is believed that the complete table of 
strain measurements made in the lateral and longitudinal planes 
for the various conditions of stress concentrations discussed 
should be published. 

It would be interesting to know the increment of strain on the 
axle that may be measured between the smallest graduation 
marks on the micrometer microscope. 

Stress-concentration factors shown in Fig. 15 are obtained by 
comparing tbe fatigue strengths of various diameter specimens 
having fillets and holes with a plain specimen of 0.469 in. diame- 
ter, when data for larger specimens are not available. Footnote 
11 of the paper explains that the experience of the author indi- 
cates that the use of the fatigue strength of 0.469-in. specimens is 
“not greatly in error.” 

From a study of a large number of data published in the litera- 
ture®-%-10.11,12 if may be concluded that there is a definite size effect 


5 “Stress Concentrations at Fillets, Holes, and Keyways as Found 
by the Plaster-Model Method,” by F. B. Seely and T. J. Dolan, Bulle- 
tin No. 276, Engineering Experiment Station, University of Illinois, 
Urbana, IIl. 

6 Timken Roller Bearing Company, Canton, Ohio. Jun. A.S.M.E. 

7 Research Engineer, Timken Roller Bearing Company, Canton, 
Ohio. Jun. A.S.M.E. 

8 “Finfluss von Hohlkehlen an abgesetzten Wellen auf die Biege- 
wechselfestigkeit,’’ by R. Mailander and E. Lehr, Zeit. V.D.J., vol. 79, 
1935, p. 1005. 

® ‘Uber den Einfluss des Probestabdurchmessers auf die Biegesch- 
wingungsfestigkeit von Stahl,’’ by R. Faulhaber, Mitteilungen aus dem 
Forschungsinstitut der Vereinigte Stahlwerke Aktiengesellschaft, Dort- 
mund, vol. 3, 1932-1933, June, 1933, p. 154. 

10 ‘‘Fatigue Tests of Small Specimens With Particular Reference to 
Size Effect,’’ by R. E. Peterson, Transactions of the American So- 
ciety for Steel Treating, vol. 18, 1930, p. 1041. 

11 “‘Kinfluss der Probengrésse und Probenform auf die Dreh- 
Schwingungsfestigkeit von Stahl,’’ by R. Mailinder and W. Bauers- 
feld, Technische Mitteilungen Krupp, vol. 2, December, 1934, p. 143. 

12 Fatigue tests have been made by the writers on plain 0.08-in., 


in the endurance limit in bending of specimens without stress con- 
centration. For this reason it appears that the curves in Fig. 15 
of the paper may be misleading in the conclusions drawn from 
them by using a fatigue-strength value of a plain 0.469-in. speci- 
men in comparison with notched specimens of all diameters. 
Several specific questions relating to these curves will be dis- 
cussed. 

1 If instead of using the value of a plain 0.469-in. specimen to 
obtain the stress-concentration factors shown in Fig. 15 of the 
paper for plain carbon steel, the value for a plain specimen (data 
published by one of the authors'”) of a diameter corresponding to 
the notched specimen of same diameter were used, it would be 
found that the curves would be very much different from those 
shown in Fig. 15. 

2 The authors show the case of fillet specimens of Ni-Cr steel 
in Fig. 14 but here a plain specimen 1 in. in diameter is used for 
comparison instead of the 0.469-in. specimen employed in other 
cases. The stress-concentration factors for this alloy steel are 
not plotted in Fig. 15 and if they were it would be found that the 
value of K, would be 1.7 from fatigue tests and 1.9 for K, from 
photoelastic tests. This condition is the basis for the writers’ 
statements in (4) which follows. 

3 If, instead of the fatigue strength for a 0.469-in. Ni-Mo speci- 
men, tbat of a 2-in. plain specimen were taken as a basis to com- 
pute the fatigue concentration factor (assuming for instance 10 
per cent lower strength for the 2-in. specimen under the 0.469-in. 
specimen, due to size effect), then the curves in Fig. 15 would be 
below the theoretical value for the Ni-Mo steel. 

4 Consideration of the previously given suggestions would lead 
to a better agreement between the behavior of the Cr-Ni and Ni- 
Mosteels as well as in their relation to the 0.45-C steel. The pres- 
ent curves indicate that the Ni-Mo steel has reached its theoreti- 
cal stress concentration at about the 2 in. diameter shown, while 
this discussion leads to the conclusion that still larger sizes have 
to be used. 

The phenomenon of size effect seemingly indicates that the 
stress distribution near the surface, where fatigue failure origi- 
nates, is of importance. The two following experimental facts 
corroborate this observation. 

(a) In German™ and English" publications it is stated that 
for steel specimens without stress concentration, the fatigue 
strength in alternating tension-compression tests is about 20 to 
30 per cent lower than the fatigue strength in bending. The 
values were based on tests made with small specimens between 
0.3 in. and 0.6 in. in diameter for which there is a definite differ- 
ence in stress distribution between bending and tension speci- 
mens. 

(b) As stated previously by the writers, there is also a size ef- 
fect in bending of specimens without stress concentration. For 
large specimens, the gradient of the stress distribution near the 


0.3-in., l-in., and 2-in. specimens and the data obtained have been 
compared with data given by Mailander and Lehr,® Faulhaber,® Peter- 
son,!° and Mailainder and Bauersfeld.!! Data on the 0.3-in. and 1-in. 
specimens are found in ‘Effect of Surface Rolling on the Fatigue 
Strength of Steel,’’ by O. J. Horger, JournaL or AppLieD ME- 
CHANICS, Trans. A.S.M.E., vol. 57, 1935, p. A-128. Data on the 0.08-in. 
and 2-in. specimens are found in ‘‘Increasing the Fatigue Strength of 
Press-Fitted Axle Assemblies by Surface Rolling,’ by O. J. Horger 
and J. L. Maulbetsch, JourNAL or AppLiIeD Mecuanics, vol. 3, no. 
3, September, 1936, p. A-91 (Trans. A.S.M.E., vol. 58, 1936). 

18“‘The Application of Test Data on Fatigue to the Design of 
Machine Parts,” four special sheets included with Zeit. V.D.J., vol. 
77, October 21, 1933, inserts between pp. 1152 and 1153. 

14‘‘Marine Machinery Defects—Their Causes and Prevention,” 
by S. F. Dorey, Transactions of the Institute of Marine Engineers, 
vol. 47, no. 12, January, 1936, pp. 305-383. Also: ‘Marine Engi- 
neering Failures,” editorial, Engineering, vol. 140, July-December, 
1935, p. 667. 
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surface becomes small and the material is more nearly stressed as 
in the case of axial tension. It should be expected then that for 
large specimens, the fatigue strength in reversed bending will be 
close to the fatigue strength obtained in alternating tension com- 
pression. This fact has been pointed out in the literature.®!415 

These conditions indicate that the material is able to sustain 
higher stresses without starting a fatigue crack, when the stress 
distribution presents a sharp peak at the surface. It seems logical 
then to expect that irrespective of size and for the same gradient 
of stress distribution near the point of maximum stress, the mate- 
rial should fail at a definite value of maximum stress. 
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Fig. 1 Perak STRESSES SuSTAINED BY S.A.E. 1045 STEEL on FILLET 
SPECIMENS AND ON SPECIMENS WITH TRANSVERSE HOLES 


An attempt was made to investigate this question by means of 
the tests on 0.45-C steel reported in the present paper. A good 
qualitative agreement exists as shown by the curves of Fig. 1 
of this discussion where the peak stress sustained by the material 


18 “Influence of Chemically and Mechanically Formed Notches on 
Fatigue of Metals,” by D. J. McAdam, Jr., and R. W. Clyne, Journal 
of Research, U. S. Bureau of Standards, vol. 13, October, 1934, RP- 
725, pp. 527-572. 
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at the point of stress concentration is plotted against the diameter 
of the specimens. The peak stress is obtained by multiplying the 
nominal fatigue strength obtained from Fig. 11 and from data 
previously given by R. E. Peterson’ by the theoretical factor of 
stress concentration as given in Figs. 7 and 9. 

For specimens with sharp fillets, where the stress gradient is ex- 
pected to be large, the maximum allowable stress is higher than 
for large fillets where the stress gradient is smaller as shown by a 
comparison of curves 1 and 2 in Fig. 1 of this discussion. For 
specimens with a hole, curve 3, where the stress gradient is also 
greater than for the case with fillets, this maximum allowable 
stress is still higher. Additional fatigue tests of different r/d 
ratios and a determination by photoelasticity of the stress gra- 
dient toward the inside of the specimen and along the surface 
would permit a more complete study. Eventually the curves of 
Fig. 1 of this discussion would be reduced to a single curve where 
the maximum allowable stress at the surface would be plotted as 
a function of the stress gradient. Knowing the type of stress dis- 
tribution in a machine part, in particular the type of stress gra- 
dient near the surface, the designer could determine the maximum 
allowable stress without requiring the factor of sensitivity of the 
material. 

The authors are to be congratulated for their pioneering work 
and it is hoped that several of the questions discussed will be 
clarified when more data are available. 


AvuTHors’ CLOSURE 


In answer to the request of Messrs. Horger and Maulbetsch 
for a tabulation of data relative to the strain measurements, 
Tables 1 and 2, for shafts with transverse holes and with fillets, re- 
spectively, have been prepared and are given in this closure. The 
values given in these tables represent relative extensometer tar- 
get movements, as measured by the micrometer eyepiece, and are 
averages of two or more runs; the results of individual runs agreed 
within about 1.5 per cent with these averages. It should be men- 
tioned that each run involves the measurement of the distance 
between two points, one on each target, both before and after the 
load is applied, and a third measurement with the load released, 
to be sure no slippage of the points has occurred. 

In the case of the bars with transverse holes, readings were 
made at points of maximum stress on opposite sides of the hole. 
There was a small difference in the results obtained at these loca- 
tions; hence the average value was used to determine the stress- 
concentration factor. 


1¢ “Model Testing as Applied to Strength of Materials,’’ by. R. E. 
Peterson, Trans. A.S.M.E., vol. 55, 1933, paper APM-55-11, p. 79. 


TABLE 1 STRAIN MEASUREMENTS—SHAFTS WITH TRANSVERSE HOLES? 


Extensometer target movement as Average Nominal Stress- 

measured by micrometer readings, at measured calculated concen- 

. location of peak stress, mm peak stress, © stress, lb tration 

Test Hole diam Hole diam -% Frontside Rear Ib per per factor 

no. a, in. Shaft diam d of hole side Average 8q in. sq in. 

1 1.0 0.138 1.85 1.91 1.880 30300 14050 2.16 
2 1.5 0.207 2.10 2.11 2.105 32900 16220 2.03 
3 2.0 0.276 2.01 1.91 1.960 30600 15810 1.93 


* Shaft dimensions = in Fig. 5 of pa 
b The movements shown are averages or more r 


¢ Extensometer constant determined by calibration was 16,100 lb per sq in. per mm for test no. 1 and 15,600 lb per sq in. per mm for tests no. 2 and no. 3. 


TABLE 2 STRAIN MEASUREMENTS—SHAFTS WITH FILLETS 


Extensometer target movement as 


measured by micrometer Nominal Stress- 
Fillet ‘ readings, at location of Measured calculated concen- 
Test radius Fillet stress, mm peak stress, stress, lb tration 
no. r, in. Shaft diam. d _Longitu Lateral lb per sq in. per sq in. factor ke 
4 2.000 0.500 1.83 —0.294 29900 24600 1.22 
5 1,125 0.281 1.87 —0.256 30800 22600 1.36 
6 0.670 0.167 1.93 —0.218 32000 20380 1.57 


® Shaft diameter d was 4 in. 
+ The figures shown are average of two or more runs. 


© Peak stress computed frome = 
pal and transverse directions and yu is Poisson’s ratio (taken as 0.292). 


i =i a (Ri + wR), where Ri and R; are the microscope micrometer readings (with proper sign attached) in the longitudi- 
The constant Ci, determined by calibration was 15,700 |b per sq in. per mm. 
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To determine the extensometer constant in lb per sq in. for 
each millimeter reading of the micrometer eyepiece (note that 
this involves the modulus of elasticity of the material), the in- 
strument was clamped on the tapered part of the shaft, where the 
stress was known, and the readings taken. The results are given 
in Tables 1 and 2. There was apparently a slight change in the 


extensometer constant between test No. 1 and test No. 2, but 
after that it remained practically constant. 
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The increment of strain corresponding to the smallest gradua- 
tion mark on the micrometer eyepiece is about 0.5 X 10~® in. for 
the magnification used in the tests. 

Since the paper was written, some further thought has been 
given to the application of various strength theories to the results 
obtained in the fillet tests. If the maximum-shear theory be 
taken as a basis, it can be shown that the theoretical stress-con- 
centration factors k, as given in Fig. 7 of the paper may be used. 
A consideration of available fatigue-test data, however, indicates 
that the shear-energy theory (von Mises-Hencky) seems to yield 
results in better agreement with fatigue tests than does the 
maximum-shear theory. According to the shear-energy theory, 
if omax > o, > O be the three principal stresses acting in the fillet 
at the location of the peak longitudinal stress omax (the lateral 
stress o, has the same sign as omax), then failure will occur when 


(omax — ot)? + (omax — 0)? + (o: — 0)? = 20.2..... {1] 

Taking o, = Comax, substituting this in Equation [1] and sim- 
plifying 


Dividing both sides of Equation [2] by the nominal endurance 
limit o, gives 


This equation shows that if the full theoretical stress-concen- 
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tration effect is reached, and if the shear-energy theory holds, the 
ky values will be equal to a theoretical value k,’ defined as 


where k, = omax/o as determined from strain measurements or 
photoelastic tests and plotted in Fig. 7 of the paper. Thus, to 
determine the sensitivity of the material to fatigue under these 
conditions, the k,’ and ky factors must be compared. Values of 
¢ = o,/omax may be determined from the strain measurements. 
Using the theoretical values k,’ thus determined, Fig. 2 of this 
discussion has been plotted for comparison with fatigue-test re- 
sults on fillets. The dashed line shown thereon represents the k, 
values based on the maximum-shear theory (see Fig. 18 of the 
paper). The full line represents the k,’ values based on the 
shear-energy theory. It may be seen that the latter curve ap- 
pears to yield a somewhat better agreement with the fatigue- 
test results. The lower graph of Fig. 15 of the paper has also 
been changed, using the k,’ values as a basis for comparison, 
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while some additional points, representing the results on Cr-Ni 
steel have been added; the revised graph is shown as Fig. 3 of 
this discussion. Likewise, values of the sensitivity index q for 
fillets, have been calculated again using the factors k,’ as a basis, 
the results being shown in Fig. 4 of this discussion, where q = 
[(ky — 1)/(k,’ —1)]. A study of Figs. 3 and 4 of this discussion 
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indicates that even for carbon steels, it is possible that the full 
stress-concentration effect (¢ = 1) may eventually be reached in 
large specimens. 

Jith regard to comparison of endurance limits of specimens of 
various diameters without stress concentration, more data have 
been obtained since the publication of the size-effect chart in 
1930 to which the discussers refer.!° These data are shown in 
Fig. 5 of this discussion. The authors believe that the use as ex- 
plained in the paper of the endurance limit for 0.469-in. diameter 
specimens, in cases where the endurance limit for larger specimens 
was not available, would not be greatly in error for the materials 
in question. It appears from German tests that for certain 
quenched materials such a procedure would not be permissible. 
The average difference in the authors’ tests is 3'/, per cent. 
For the 0.45-C steel the difference is less than 1 per cent. It so 
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happens that this is the material for which Messrs. Horger and 
Maulbetsch state under (1) that the curves would be very much 
different had the endurance limit for a 2-in. specimen been used. 
Incidentally, the data for the 2-in. diameter specimen were evi- 
dently overlooked by the authors in plotting Fig. 11 of the paper 
since they were available at the time.” 

Information on the questions raised by Messrs. Horger and 
Maulbetsch under (2), (3), and (4) is given in Fig. 3 of this dis- 
cussion in which theoretical values are based on the shear-energy 
theory. The Ni-Mo curve may be slightly high because of the 
previously mentioned error in using the endurance limit. of the 
0.469-in. specimen. It is not believed that it is always necessary 
to go beyond 2-in. specimens to attain theoretical stress-concen- 
tration values; on the contrary it appears that agreement can be 


17 ‘Stress Concentration Phenomena in Fatigue of Metals,” by R. 
E. Peterson, Trans. A.S.M.E., vol. 55, 1933, paper APM-55-19, p. 
157. 


obtained with fine-grained materials in some cases with specimens 
of 1 in. diameter and less. In this connection the results of some 
tests just completed on nickel-steel specimens with r/d (fillet 
radius/diameter) = '/, will be of interest. Fatigue ky factors 
obtained on a 1-in. diameter specimen = 1.31; on a !/2-in. speci- 
men = 1.29; on a ?/-in. specimen = 1.26. Theoretical k,’ = 
1.31. 

In stating that endurance limits for tension-compression tests 
are 20 to 30 per cent lower than for bending tests, Messrs. Horger 
and Maulbetsch apparently overlooked the results of very care- 
ful and comprehensive tests'® made at the Bureau of Standards, 
wherein the ratio was found to be dependent on material. In 
some cases substantial agreement between the endurance limits 
was obtained. 

As to the stress gradient being a criterion of failure in stress- 
concentration cases, this certainly does not seem unreasonable 
and should receive careful consideration in further work along 
these lines. Faulhaber!® advances a similar theory in explaining 
“size effect,’’ and Moore* has expressed the effect as perhaps be- 
ing due to differences in the spread of the origin of cracking 
against different stress gradients. 

The authors have thought that the criterion was perhaps the 
number of grains in the volume at peak stress.?!_ This is the 
same thought as that expressed by Dolan? in his discussion. The 
authors have attempted a plot of the sensitivity factor gq against 
the number of grains in an arbitrary volume within 5 per cent of 
maximum stress, and while this work is not completed, it does 
appear that the entire mass of data for widely different cases of 
stress concentration in widely different materials may be fairly 
consistent on such a basis. 


Design Aspect of Creep’ 


C. Ricuarp SoperserG.? The subject matter of the paper 
deals more or less extensively with the following phases of the 
subject of creep: (1) A theory of creep under a general system 
of three-dimensional stress. (2) The problem of interpreting 
long-time creep tests for variations of temperatures, strains, and 
time for design purposes. (3) The problem of failure of steels 
under creep conditions. It would be presumptuous to attempt 
to add anything to the material presented under the latter two 
of the three phases, considering the range of knowledge and ex- 
perience from which the author can draw. The method of 
extrapolation for temperature and time probably comes closer 
to the true facts than any other method proposed to date 

The paper is devoted chiefly to the first of the three phases 
listed in the first paragraph of the writer’s discussion, and in this 
connection the writer does not feel certain that the method pro- 
posed is fully acceptable. The problem under consideration may 


18 “Endurance Testing of Steel: Comparison of Results Obtained 
With Rotating-Beam Versus Axially Loaded Specimens,”’ by R. D. 
France, Proceedings American Society for Testing Materials, vol. 31, 
part 2, 1931, p. 176. 

19‘‘Uber den Einfluss des Probestabdurchmessers auf die Biege- 
schwingsfestigkeit von Stahl,”’ by R. Faulhaber, Mitteilungen aus dem 
Forschungs-Institut der Vereinigte Stahlwerke Aktiengesellschaft Dort- 
mund, vol. 3, no. 6, June, 1933, pp. 157-171. Also, Stahl und Eisen, 
vol. 53, no. 43, October 26, 1933, pp. 1106-1108. 

20 ‘Correlation Between Metallography and Mechanical Testing,” 
by H. F. Moore, Iron Age, vol. 137, February, 1936, p. 26. 

21 Discussion by R. E. Peterson of the paper: ‘‘Rear-Axle Gears,” 
by J. O. Almen and A. L. Boegehold, Proceedings, A.S.T.M., vol. 35, 
part 2, 1935, p. 136. 

1 By R. W. Bailey. Published in the March, 1936, issue of the 
JoURNAL or AppLiepD MecHaAnics, Trans. A.S.M.E., vol. 58, 1936, 
p. A-l. 

2 Manager, Turbine Division, Westinghouse Electric and Manufac- 
turing Company, South Philadelphia, Pa. 
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be stated as follows: The experimental material available con- 
sists principally of long-time creep tests, that is, unidimensional 
creep tests under tension. A limited amount of information on 
creep under combined stresses can be obtained by experiments on 
thin cylinders under internal pressure, tension, and torsion. The 
problem is now to extend these results to the general case of three- 
dimensional stress. The solution involves: (a) Formulating a 
satisfactory law for the unidimensional case, connecting creep 
rate with stress, strain, time, and other variables; and (b) formu- 
lating a theory of plastic flow which will satisfy the results avail- 
able for combined stress. 

The first criticism of the author’s method concerns the choice 
of an empirical relation between creep rate and stress. The 
choice of a power function connecting creep rate and stress as in 
the case of Equation [4] of the paper, may be criticized, but the 
neglect of the age-hardening phenomenon is a most important 
omission, which renders the results of questionable value for prac- 
tical purposes. There is no important material for which the 
creep rate is a simple function of the stress alone, except possibly 
for very large deformations which go beyond those usually en- 
countered in machinery. The theory must be such, therefore, 
as to permit the injection of the age-hardening, and possibly 
also the strain-hardening, phenomena. It is impossible, in a short 
discussion, to enter fully into this phase of the subject. More- 
over, it will be shown in the following that a treatment may be 
formulated which is not tied up with any specific creep law. 

The second and most important criticism concerns the formu- 
lation of a theory of plastic flow. The laws of stationary plastic 
flow in polycrystalline isotropic materials were formulated many 
years ago,* and they appear to be supported by a comparatively 
large number of experimental data. These laws are as follows: 


1 The directions of the principal extensions coincide with 
those of the principal stresses. 

2 The density remains constant. 

3 The three principal shear strains are proportional to the 
three principal shear stresses. 

4 The yielding followsthe von Mises-Hencky failure criterion in 
which the strain energy or the octahedral shearing stress‘ is the 
determining variable. 


These laws still leave a wide field for choosing a practical 
method of interpreting test results such as those now presented 
by the author and certain arbitrary assumptions must be made. 
Those made by the author do not, as far as the writer can see, con- 
flict with the four laws of plastic flow, but a simpler interpretation 
is possible, which appears to give just as good a check of the 
experimental material. 

The situation is one where it is essentially a matter of choosing 
suitable invariants in order to find a practically useful interpreta- 
tion of experience. The von Mises-Hencky law of yielding sug- 
gests directly the stress invariant 


S = (1/V2) — Y)? + (¥ — Z)? + (Z — X)?].... [a] 


where X, Y, and Z are the principal stresses. Hencky has sug- 
gested® the use of the corresponding strain invariant 


Vile, e,)? + (e, e,)* + (e, e,)*). 


where e,, e,, and e, are the strains corresponding to the stresses 


3 “Plasticity,”” by A. Nadai, McGraw-Hill Book Company, New 
York, N. Y., 1931. Chapter 14. 

4“Theories of Strength,”’ by A. Nddai, Trans. A.S.M.E., vol. 55, 
1933, paper APM-55-15, p. 111. 

5“The New Theory of Plasticity, Strain Hardening and Creep, 
and the Testing of the Inelastic Behavior of Metals,’’ by H. Hencky, 
Trans. A.S.M.E., vol. 55, 1933, paper APM-55-18, p. 151. 


X, Y,and Z. The strain rates, or creep rates, denoted in the 

paper by C_, C,, and C, are denoted in this discussion by ¢,, é,, and 

é.. 
The first three of the four laws of plastic flow previously given 

may now be stated mathematically as follows 


These expressions give 


| 


é, = 


| 
e, = -(2—X +Z—Y) 
3 
Introducing the expressions for e,, ¢,, and e,, as given by Equations 
[e], into Equations [a] and [6], it is found that 


which gives a value of the constant of proportionality c. Intro- 
ducing this value into Equation [e] and remembering that 


os 1 Xx—Y+X-—Z ) 


v2 —Y)?+ (Y—Z)?+ (2—X)?] 
os 1 Y—X+Y-—Z 
oY v2 vi(X—Y)?+ (Y¥—Z)?+ (2—X)*] 


az V2 —Y¥)?+ @—X)!] 


the following simple relations between the strains are obtained 
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as | 


These equations merely express the principal strains in terms of 
the invariants Sande. An examination will show that the ordi- 
nary elementary relations are obtained for straight tension or com- 
pression and shear. 

Now assume that the relation between strain rate and stress 
obtained from long-time creep tests may be expressed by the 
equation. 


where S and ¢ are the invariants of Equations [a] and [b] of this 
discussion, and é = de/dt. This clearly satisfies tests in tension, 
compression, and shear. Equations [h] may be differentiated for 
constant stress and the value of é introduced from Equation [7]. 
The expressions for the creep rates are then 
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which is the desired result, and which corresponds to Equations 
{1], [2], and [3] of the paper.* 

It is not difficult to see that the same method is applicable to 
the case where S is not constant (relaxation) and may even be 
extended to forms of the creep law expressed by Equation [¢], in 
which é is a function of not only stress but strain and time as well. 

The results given by Equation [j] of this discussion apply to 
any point of the body where the invariant S (or the principal 
stresses) are known. The results are directly applicable when 
the invariant is constant throughout the body; in other cases they 
require an integration. Most problems of this type offer insur- 
mountable difficulties of a mathematical nature, and direct 
integration is usually impossible. 

A more important question is whether or not this result checks 
those obtained by the author. So far the writer has checked only 
the results given in the author’s Figs. 3 and 4. Assuming the 
power law between stress and creep rate, as expressed by the 
author’s Equation [4], to hold, these results cover direct applica- 
tions of the two-dimensional case (X = 0) for which 


Y+Z 
v2 + 22+ (¥ —Z)*] 


SU + — 
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V2 + + | 


Fig. 1 of this discussion represents a replot of Fig. 3 of the paper, 
with points calculated from Equations [k] of this discussion 
marked. It is evident that the agreement between the author’s 
theory and the theory presented by the writer in this discussion is 
practically perfect. Moreover, the writer’s results agree so 
closely with those obtained by the author as to suggest that the 
two solutions may in reality be identical. This does not appear 
to be the case, however, and the agreement must be accidental. 

Further study is necessary to constitute complete proof, but a 
wide departure from the results given by the writer’s Equations 
[j] would really be surprising. Appreciable departure from ex- 
periments would throw doubt on the creep laws previously re- 
ferred to by the writer, and these are in reality supported by ex- 
tensive tests on polycrystalline materials. 

A very important advantage of the method proposed by the 
writer is that the coefficient m of Equations [1], [2], and [3] of the 
paper is rendered unnecessary. 

The writer has not had the opportunity to check the method 
against the higher value of axial stress given in Fig. 1 of the paper. 
Here the experimental points are somewhat scattered, and fur- 
ther tests are probably needed before the proof may be said to 
be conclusive. 

In the appendix of the paper, the author states that “experi- 
ments upon a thick lead pipe under internal pressure showed 
zero axial creep.” The theory presented in this discussion by 
the writer shows directly that the axial-creep rate is zero for thin 
pipes, and integration would probably give the same results for 
thick pipes; at any rate, it is to be expected that the axial creep 
will be very small. Has the author obtained other results from 
thin pipes? 
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In conclusion, the writer wishes to emphasize that the treat- 
ment presented in this discussion is not a refutation of the author’s 
results, but rather an alternative and somewhat less artificial 
treatment. Even if the proposed treatment should, upon closer 
analysis, be found superior, this does not detract from the value 
and interest of the author’s excellent paper. 


Ernest L. Ropinson.* There is so much to agree with in the 
author’s paper and so little to take exception to that the writer 
finds his discussion must be restricted to an emphasis on certain 
points. 

The author reiterates, as he did in his recent British paper,’ that 
all creep tests should be conducted so that the total creep at the 
conclusion of the test should not exceed the strain permissible in 
design. Important changes take place in material as it is 
strained, so that its properties and strength are quite different 
when strained as much as 1 per cent from what they are when 
strained less than 1 mil per in. 


‘Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.8.M.E. 

7“The Utilization of Creep-Test Data in Engineering Design,” 
by R. W. Bailey, paper read before the Institution of Mechanical 
Engineers, London, November 22, 1935. Also published in Engi- 
neering, vol. 140, 1935, p. 595, and The Engineer, vol. 160, 1935, p. 
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Such changes as occur with time at temperatures between 800 
F and 1000 F are usually of much less importance than the 
changes that accompany the accumulation of strain. Hence, 
using a logarithmic plot, tests may be extrapolated from short 
intervals to periods of service five or ten times as long with fair 
confidence, although the writer doubts the wisdom of extrapolat- 
ing to periods of service fifty to one hundred times the test inter- 
val as the author seems willing to do. 

The writer agrees completely with the author in the opinion 
that it is wholly unreliable to make short tests at high stress and 
then extrapolate both to low stresses and long times, because 
such tests have in reality already shown themselves inapplicable 
by virtue of excessive strains even during the test interval. 

The writer regrets that the author has not included some of his 
observations about diminishing stress, a subject which he covered 
in his British paper.’ Such tests are important. 

Design procedure, according to the author, is to find the stress 
distribution with plastic flow as a first step toward finding the 
creep rates. The process is one leading to the determination of 
maximum strain or distortion rather than maximum stress. In 
discussing the mode of failure, the author points out the likeli- 
hood of brittle intercrystalline fracture above certain tempera- 
tures, but even so strains of the order of ‘several per cent occur 
before rupture. 

Hence, for application to machine design the whole process 
becomes one of limiting distortion to values which will prevent 
misfunctioning. Interest in stress as a cause of rupture com- 
pletely disappears except for such stresses as may occur under 
transient conditions for periods too short to cause appreciable 
distortion. 

In order to justify his expressions, the author found it necessary 
to correct for the change in the material during the accumulation 
of creep. The writer has used the same forms of expression for 
variation of rate with strength and strength with temperature and 
usually found it necessary to use new values of the exponents 
after creep had progressed. Analytic representation of what goes 
on is still far from complete. 

The values for variation of strength with temperature pro- 
posed by the author seem rather large; like the upper limit of a 
range of values. The writer believes that the per cent change of 
strength per degree change of temperature is frequently much 
less. 


AuTtuor’s CLOSURE 


Mr. Soderberg’s criticism of the choice of a power function 
connecting creep rate and stress, on the ground of its apparent 
omission of the effects of strain hardening and age hardening, has 
only limited justification for the reason that in the case of an 
actual part the time ¢ under loading is the same for all material 
of the part. To amplify this statement, consider first the case 
of creep in a simple tensile test, the creep rate C at any time t 
under a constant stress f may be written 


C = or say [1] 
where n = ¢(t). 


Clearly, any creep test including the full effects of strain and 
age hardening can be represented by Equation [1] of this discus- 
sion provided the function of time ¢(t) is suitably chosen. If a 
test were made at another stress f; giving creep rate C,, and if at 
any time the amounts of creep z and z, and therefore the creep 
rates C and C, bore a constant ratio one to the other, in other 
words, if the creep curves on the same time base were of similar 
form, then the same ¢(¢) would apply to each case. This may be 
taken as approximately true in many cases where the amount of 
creep is small. Therefore, at any instant in such a case, n would 
be the same for the two stresses. 


In an actual structure under similar circumstances, n at any 
instant would be the same at all points in the structure. Whena 
state of general creep had become established, the value of n 
would determine that stress distribution, but as its value is 
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usually large, of the order of 6 and frequently more, the stress 
distribution is not much affected by changes in n of 1 or 2, and in 
any case the more unfavorable stress distributions would occur 
with the lower value of n. Consequently, for the reasons given, 
it is not correct to think that the use of a power law C = Af” 
gives results in practice which omit altogether the important in- 
fluence of strain hardening. By taking n to have about the low- 
est value anticipated in practice, derived stress. distributions 
would be on the safe side. 

The formula suggested by Mr. Soderberg for creep in the direc- 
tions of the principal stresses is in reality the special case of the 
author’s formula when n — 2m has the value unity or m = 
(n —1)/2. One formula cannot be said to be more rational than 
the other and only in the sense that the latter is more general 
than the former can the latter be said to’ be more artificial. At 
present, however, there are insufficient data from creep under com- 
pound stress for it to be known whether the simplification of tak- 
ing n — 2m = 1 can be justified generally. Unfortunately, Fig. 
3 of the paper, which has been employed by Mr. Soderberg, refers 
to a tube of which the material was anisotropic. When the aniso- 
tropy is allowed for the test results are well represented by Fig. 
2 of this discussion for which m = 1 and n = 6.5, orn — 2m = 
4.5. Clearly, any differences obtained by using the two formulas 
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will be due to the difference of the value of m from 1/2(n — 1). 

Although plastic yielding of metals at normal temperatures 
must be regarded as fundamentally different from creep it may 
be of interest to mention that when Taylor and Quinney’s data 
upon plastic yielding of metals are examined upon the basis of 
Lode’s variables vy and uw and the corresponding value of n — 2m, 
it is found that n — 2m = 0.59 for aluminum and mild steel, 
0.68 for copper, and 0.71 for decarburized mild steel. 

Regarding other tests upon thin-walled pipes, the author would 
refer to some results obtained upon a lead pipe subjected to inter- 
nal pressure, and an axial torque.’ The results of calculation 
and experiment were in close agreement. 
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The author was glad to have Mr. Robinson’s general agree- 
ment with the methods advanced in the paper. Regarding the 
extent of extrapolation from the results of creep tests of limited 
duration, the necessity of obtaining design information in a rea- 
sonable time enforces extrapolation of the degree employed. Even 
if actual tests were to be carried to a duration of one year each, 
which would involve a very long investigation period for a given 
material, extrapolation to the extent of eleven times would be 
necessary to provide for a life period of 100,000 hr. It is doubt- 
ful whether this would lead to results substantially different from 
the results which were obtained by tests running to about 
2000 hr. 


Aerodynamic Theory 


AERODYNAMIC THEORY. By William Frederick Durand, editor in 
chief. Vol. 6. Division P. Julius Springer, Berlin, 1936. Cloth, 
6 X Q9in., xiv plus 286 pp., 127 figs., gebunden 28 rm. 


REVIEWED BY J. C. HUNSAKER! 


[IN THIS, the sixth and last volume of monographs by inter- 

national authorities on the general subject of aerodynamic 
theory, published under a grant from the Guggenheim Fund for 
the Promotion of Aeronautics, the subjects treated tend to tie 
together the more generalized treatment of preceding volumes. 
There are five independent sections: The airplane as a whole, 
the aerodynamics of airships, the performance of airships, the 
hydrodynamics of floats, and the aerodynamics of cooling, to- 
gether with a good index. 

The section on the airplane as a whole is the work of the editor 
in chief, who gives an illuminating survey of the general inter- 
ference problem, sums up the detailed treatments by previous 
writers, and gives a physical picture of a highly complex phe- 
nomenon. The airplane obtains a satisfactory performance by a 
happy interrelationship between the aerodynamics of the lifting 
system, the nonlifting system, the propulsive system and the 
control system. 

Each of these four systems interferes, to some degree, with the 
aerodynamic functioning of the other three, making twelve 
interferences in all. Dr. Durand has examined the general 
nature and relative importance of each such source of inter- 
ference, in the light of the theoretical and experimental knowl- 
edge made available in previous volumes. For example the 
nonlifting system, including fuselage and nacelles, has an im- 
portant effect on the lift distribution and drag on the wings, a 
further effect on the propeller thrust and efficiency, and may 
blanket tail surfaces and controls. Conversely, the lifting system 
affects air flow to the propeller, subjects tail surfaces to downwash 
and turbulence, and changes flow conditions for the fuselage. 

In the short section on aerodynamics of the airship, Dr. Max 
M. Munk applies to the airship hull and fins the theoretical 
methods developed by him for general use in Vol. 1 of the series. 
His treatment is concise and elegant, as would be expected, and 
draws from the theory of potential flow, by the use of suitable 
approximations, conclusions of value for the practical designer. 
We find here methods for estimating such items as apparent 
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mass, pressure distribution, lateral force, and stability of route. 

The discussion of the performance of airships by Drs. Arnstein 
and Klemperer is perhaps unique in the literature. Although 
interest in airships is widespread, actual experience with their 
design and operation has been accessible only to a very limited 
number of engineers. The results of research and testing are 
scattered through professional publications over the past 25 
years, in several languages, and are practically unavailable to 
students. We are indebted to the authors of this monograph 
for a comprehensive survey of published knowledge with refer- 
ences to the original publications, and for the inclusion of much 
unpublished material from their own experience. Airship per- 
formance, as a consequence of aerodynamic forces is the classical] 
example of applied theory. The airship designer cannot depend 
on cut-and-try methods because of the cost of each unit, and 
since so few units are built, he cannot depend on empirical rules 
based on varied experience. Accordingly, he leans on theory 
and analysis even more than the designer of airplanes. For 
example, the resistance to propulsion experienced by a smooth 
airship hull can be estimated from boundary-layer data obtained 
in flight, but the boundary layer here is no film or abstract con- 
ception; it is a definite layer a foot thick at forward locations, 
thickening to a yard farther aft. 

Dynamical stability and control of the airship are discussed by 
Drs. Arnstein and Klemperer by the classical method of ‘small 
oscillations” and extended to follow the controlled motion, as 
when encountering a gust, by an approximate method suitable 
for step-by-step integration. 

M. Barrillon of the French Naval Experimental Tank supplies 
the section on hydrodynamics of boats and floats. This is 
obviously not aerodynamics, but the performance of seaplanes 
involves motion while water-borne, merging gradually into a 
completely air-borne phase, and consequently cannot be under- 
stood without consideration of both phases. Unfortunately, 
the state of the theory of the planing bottom and the step is 
such that resort must be had, almost exclusively, to model 
experiments and comparison with experience. However, 
Froude’s law of comparison permits a correlation of many avail- 
able data. The author reviews the special operating conditions 
that govern take-off and landing, stability and control at rest 
and when planing, and gives methods for computation of time 
and distance of take-off. 

The final chapter of the volume by Dr. Dryden of the Bureau 
of Standards is a scholarly review of the problem of heat transfer 
in the light of present knowledge of aerodynamic theory. It is 
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not yet possible to present a logical development starting from 
simple basic laws and progressing to the mathematical solution 
of a typical cooling problem, because of our ignorance of the 
detail mechanics of eddying flow and of the factors which govern 
the transition from laminar flow. Dr. Dryden has reviewed the 
progress of the theoretical attack on the general problem by 
several independent methods, shows the assumptions necessary 
to obtain simple formulas, and exposes the basic phenomena. 
His is the point of view of the physicist, and should prove helpful 
to engineers working on heat-transfer research involving forced 
convection 


Relativity 


Reuativity. By F. W. Lanchester, LL.D., F.R.S. Constable & 
Co. Ltd., London, 1935. Cloth 5 xX 8 in., xiv and 222 pp., 72 
diagrams, 12s. 


REVIEWED BY JosePH M. KELLER? 


HIS BOOK on a subject occasionally treated as mystical is 

written by a prominent engineer, and definitely approaches 
an engineer’s viewpoint. The author states that his purpose is 
to present various aspects of the theory of relativity “in the 
simplest possible language.’’ The tools that he atlows himself 
are confined to elementary algebra and plane geometry, and a 
series of simple two-dimensional figures. Yet the treatment is 
thoroughly serious and scientific, no allusions being made to such 
amusing but irrelevant phenomena as what happens when travel- 
ing at half the speed of light. In fact, by very definitely deny- 
ing this particular possibility of such motion to ordinary ob- 
servers, the author suggests an interesting interpretation of the 
velocity of light, a number which plays a rather presumptuous 
part in some developments of the theory. 

Starting with a very brief and stimulating presentation of the 
beautifully complete and self-consistent state of physical thought 
at the beginning of the century— “settling down quietly in the 
very crater of a volcano’’—the author proceeds to develop the 
Lorentz transformations, and other properties of Minkowski’s 
four-dimensional space (variations in length, time, mass, etc.) 
using only plane geometry. The resulting pictorial association 
is very satisfying, and gives a sense of reality to these important 
but difficult concepts. The remaining two thirds of the book are 
devoted to a consideration of the gravitational aspects of the 
theory, with a concluding chapter on spherical space. The 
approach is through the Minkowski relations, rather than the 
more customary profundities of tensor theory. The treatment 
is of necessity rather limited, and there is a sense of considerable 
effort in obtaining those results that are presented. Even the 
more mathematical methods have not been as productive in this 
field as may have been hoped originally. 

The book is a nice example of both the possibilities and limita- 


_tions of a relatively nonmathematical treatment of a mathe- 


matical subject. The attitude is respect for reality and experi- 
mental possibilities, and a healthy skepticism of airy formulas 
that do not reach the ground. Some of the criticisms of Einstein 
and Eddington that the author presents are not entirely justified, 
and are occasionally due to the author’s unwillingness to forego 
such comforts as the force concept. Definitions are not always 
clear, but what verbal definitions of mathematical ideas are? 
But an idea such as the precise analogy between the Fitzgerald 
contraction and ordinary perspective, accompanied by the lone 
photograph in the volume, is characteristic of the originality and 
vigor of thought throughout. 
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Photoelasticity 


EXPERIMENTAL MetTHODS TO DETERMINE STRESSES AND DEFORMA- 
TION IN THE ELASTIC AND PLastic RANGE. Edited by D. K. Knool 
and others. Ont1, Moscow, U.S.S.R., 1935. Cloth, 6 X 9 in. 
354 pp., 193 figs., Rubles 7.00. 


OpTIcaL INVESTIGATION OF STRESSES IN MACHINE Pakts. T. A. 
Oding, editor in chief. Ont1, Leningrad, U.S.S.R., 1935. Cloth, 
6 X QYin., 135 pp., 98 figs. and 1 plate, Rubles 2.50. 


REVIEWED BY G. B. 


Bot BOOKS were issued by the photoelastic laboratory of 

the Institute of Mathematics and Mechanics at the Lenin- 
grad State University. The second book is a guide for those 
engineers in industry who wish to use photoelasticity in their 
design work. It gives a brief exposition of the principles of 
photoelasticity, describes the two-dimensional stress state, shows 
various apparatus used in general photoelastic work, with several 
typical applications. A critical short bibliography is also in- 
cluded. 

The first book contains a series of twenty-four reports by the 
staff of the laboratory. Several papers present interesting points. 
The laboratory is interested primarily in the theoretical aspects 
of photoelasticity. Accordingly, a considerable portion of the 
volume is devoted to questions of mathematical elasticity. A 
general method of finding the principal stresses by integration 
along the isostatics is developed; the methods of Filon and Neuber 
are shown to be special cases of this general approach. A method 
involving less work than that of Filon is shown. Much attention 
is given to the physical properties of isoclinics, and these lines are 
painstakingly drawn for the several models of machine parts and 
frames tested in the laboratory. 

Among other interesting theoretical problems are: An analysis 
of stresses in a two-dimensional anisotropic body; thermal stresses 
in a circular plate; a general theory of plastic deformation taking 
into account the cold working of the metal during its flow; ten- 
sile- and torsional-test data in the plastic range. The last 
paper shows good correlation for soft steel, copper and aluminum, 
not as good for brass. 

A number of reports are concerned with improvement of ex- 
perimental technique. A method is presented for discrimination 
between tensile and compressive stresses involving the use of a 
compensator crystal of varying thickness. Reflection polariscopes 
are described, one of them embodying a concave mirror instead of 
lenses. A new method for measuring values of shear stress is 
given; instead of measuring the light-ray phase difference by 
means of a compensator, the image is photographed and the 
density of the negative is studied photoelectrically. Much of 
the work was necessitated by the use of glass and celluloid for 
models. For some reason the laboratory apparently does not 
employ such materials as bakelite or marblette to the extent to 
which these are used in the United States. It is indicated that 
gelatine is employed for photoelastic studies of stresses caused in 
bodies by their own weight. A mixture of 20 per cent glycerine, 
17 per cent gelatin emulsion, 63 per cent distilled water is recom- 
mended for the purpose. A detailed report on the application of 
lacquers for investigating stresses in machine parts in service 
recommends a mixture of 50 gr of rosin and 5 gr of celluloid dis- 
solved in 100 ce of amyl acetate (banana oil). The accuracy of 
stress measurements by the method was found to be +25 per 
cent. 

The several reports covering experimental determination of 
stresses in models of machine parts cover a photoelastic study of 
a rectangular viaduct section, a thresher side frame, a welded 
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joint, a plate with two neighboring holes, the eye of an automobile 
spring. As mentioned above, most of the work was done on 
celluloid models. The use of bakelite would simplify the routine 
considerably. 


Einftihrung in Die Technische 
Stromungslehre 


Einfihrung in die technische Stromungslehre. By Bruno Eck. 
Professor at Technical College, Cologne. Julius Springer, Berlin, 
1935. Vol. I, paper, 6 X 9!/,in., vi and 134 pp., 155 figs., 7.80 
rm. Vol. II, 1936, vi and 96 pp., 140 figs., 6.90 rm. 


REVIEWED BY H. Peters‘ 


HESE TWO small volumes are a welcome addition to the 

literature on fluid mechanics. Most of the available 
books on the subject are too specific, or too comprehensive or 
too mathematical to be used as an introduction to the subject. 
Here, however, the reader is assumed to have but a rudimentary 
knowledge of physics and calculus. 

In the first volume, “Theoretical Principles,” the author gives 
a concise analytical and descriptive treatment of the principles of 
fluid mechanics with the usual division of the subject into statics, 
dynamics of ideal and viscous fluids, problems of resistance, air- 
foil theory, and hydraulic measurements. 

The first chapter is a brief discussion of statics, including fluid 
manometers and the adiabatic atmosphere, but the latter is too 
restricted to be helpful for an introduction to the study of the 
equilibrium of the atmosphere. The treatment of fluid motion 
is confined to steady motion and is further simplified by placing 
one axis of the coordinate system in the direction of motion. The 
difference between rotational and irrotational flow is clearly 
brought out. After discussing circulation and vortex motion, 
the author describes simple flow patterns, such as parallel flow, 
sources, vortices, and their superposition. The application of 
the momentum theorem to moving fluids is clearly explained and 
demonstrated by a few examples, such as flow through a series of 
blades, shock losses, and the relation of wing lift to circulation. 
A short paragraph on open-channel flow closes the treatment of 
frictionless fluids. 

The third chapter treats flow through pipe lines after a discus- 
sion of Newton’s law of viscosity and Reynolds’ law of similitude. 
Recent data on frictional coefficient for smooth and rough pipe 
lines are included. The theoretical treatment follows the his- 
torical development from Blasius to Prandtl von Kérmaén. The 
airfoil treatment is presented in a simple, clear fashion similar to 
the presentation by Prandtl. The chapter on flow measurements 
describes the most important instruments used for pressure, ve- 
locity, and direction measurements, together with their charac- 
teristics. Data for the German standard orifices and nozzles are 
included. 

In the second volume the reader will find detailed descriptions 
of laboratory equipment and its use for the demonstration of 
various phenomena encountered in the field of hydro- and aero- 
dynamics. Extensive use is made of a small portable wind tun- 
nel. Of special interest are the experiments with floating balls 
in a free jet of air. The author succeeds in clarifying difficult 
principles by these simple experiments. Any teacher who is 
interested in enlivening his lectures with demonstrations will 
find most of his problems solved by Professor Eck. 

The chapter on propeller theory, in view of its fundamental 
nature, in the opinion of the reviewer, might better have been in- 
cluded in the first volume. 
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Both volumes should be helpful to teachers, to students, and 
to engineers who desire a sound introduction to the theory 
of fluid mechanics for use in the study of more specialized 
publications. There is also a substantial content of recent in- 
formation regarding engineering applications, which is im- 
mediately available. 

Credit is due to the publisher, Julius Springer, for the excellent 
arrangement of the books and his usual high standard in regard 
to clarity of prints and figures. 


The Stability of Locomotives 


La STasILité pe Route pes Locomotives. First part by Y. 
Rocard, Docteur és Sciences, with notes by Robert Lévi, Ingénier 
en chef aux Chemins de Fer de l’Etat. Actualités Scientifiques 
et Industrielles 234. Hermann and Cie, Paris. Paper, 6'/: 
10 in., 65 pp., 11 figs., 15 fr. Second part by. M. Julien (In- 
génieur civil des Mines) and Y. Rocard. Actualités Scientifiques 
et Industrielles 279. Paper, 6'/2 X 10 in., 73 pp., 20 figs., 15 fr. 


REVIEWED By B. F. LANGER' 


(THE SUBJECT of this treatise is particularly suitable for in- 

clusion in the series of technical publications in which it 
appears because the railroads of the world are now interested in 
speed, safety, and comfort more than ever before, in order-*o 
compete with other forms of transportation. Experience bias 
shown that at high speed, locomotives and cars are subject to 
objectionable and even dangerous lateral oscillations which 
are aggravated by rough tracks but which can occur even if the 
track is in excellent condition. The authors discuss the nature 
of the contact between the wheel and the rail and show that it 
influences the conditions for inherent stability of running. 
They also consider the effects of irregularities in the roadbed. 
The greatest weakness of the treatise is that it does not refer 
to some of the most important work done previously on the 
same subject. 

The nature of the contact between wheel and rail has been 
studied by O. Reynolds (1), H. Fromm (2), R. Lorenz (3), G. 
Sachs (4), J. Jahn (5), and F. W. Carter (6). 

The parasitic motions of rail vehicles, as distinguished from 
their useful forward motion, have been the subject of some study, 
most of which has been directed toward the analysis of forced 
oscillations originating in the tracks or the unbalanced moving 
parts of the vehicle itself. It has also long been recognized 
that tapered wheel treads can produce a tendency toward oscilla- 
tions having a fixed wave-length in space. In 1916 Carter (7) 
showed that there might exist in a locomotive an inherent tend- 
ency to deviate from a motion of pure progression. In 1926 he 
developed his theory of creep (6), explaining small tangential 
motions of a wheel which can occur without actual sliding, due 
to the elasticity of the wheel and the rail. In 1928 this work 
culminated in a paper on the stability of running of locomo- 
tives (8). 

It is unfortunate that M. Rocard is apparently not familiar 
with Dr. Carter’s work. The first part of his paper covers very 
nearly the same ground as the paper on stability by Dr. Carter 
(8). He attributes the theory of creep or pseudo-sliding to his 
coauthor, M. Robert Lévi, and develops it into the differential 
equations of motion from which the stability conditions can be 
deduced. It is shown that any rigid symmetrical locomotive 
with tapered wheel treads is inherently unstable at all speeds. 
It can be made stable over certain speed ranges by decreasing 
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the diameter or tread taper of the leading wheels as compared 
to the trailing wheels. A locomotive with a guiding truck 
whose lateral restraint is proportional to its displacement. is 
also stable at some speeds for moderate values of truck re- 
straint. It is also shown that the rolling of the spring-supported 
weight and the impacts of the flanges against the rails can have 
a stabilizing effect which is similar to the effect of a guiding 
truck, 

The type of instability studied by Dr. Carter and now again 
by M. Roecard is important for some, but not all, types of ve- 
hicles. This has been demonstrated by experience. One of 
M. Roeard’s main conclusions is that wheel-tread taper is an 
important faetor. This conclusion has been verified in some 
isolated cases, on cars having motorized swivel trucks, where 
evlindrical treads have produced less oscillation than conical 
treads. However, on most locomotive types it has been found 
that eylindrical treads have little or no advantage. The limita- 
tion of M. Roeard’s theory is that it does not take adequate 
account of flange impact. It represents the true conditions for 
small, unimportant oscillations completely within the flange 
clearance, but falls down when the clearance has been taken up, 
the flange impacts have become large, and the characteristies of 
the oscillation are determined by the masses and elasticities of 
the system instead of the wheel spacings and tread contours. 
His treatise should therefore be used with caution. 
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Electric Arc Welding Practice 


‘LEcTRIC Arc Practice. By H. I. Lewenz, M.I.Mech.E., 
M.I.E.E. Crosby Lockwood & Son Ltd., London, 1936. Cloth 
51/2 X 83/,in., 126 pp., 33 illustrations and figures, 82s 6d. 
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REVIEWED BY C. H. JENNINGS’ 


THs BOOK is the first of two volumes to be written by the 

author and deals primarily with the elementary principles 
of welding. Although the subject is treated very briefly, it is 
done in a clear and concise manner. 

The first chapter contains short descriptions of the various 
welding processes such as plastic welding, burning, electric- 
resistance welding (spot, butt, flash, and seam), percussion weld- 
ing, thermit welding, oxyacetylene welding and arc welding. 
The second chapter deals briefly with the weldability and char- 
acteristics of different ferrous and nonferrous metals. The 
remainder of the book is devoted to arc welding, and includes a 
discussion of welding electrodes, welding processes and techniques, 
typical joints, welding machines, methods of testing welds and 
residual stress and deformation problems. 
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The chapter on stresses and distortion is worthy of considera- 
tion and will be found of value to both designers and welders. 
The fundamental causes of distortion and residual stresses 
are discussed and are appropriately illustrated. Corrective 
method such as peening, welding sequence, and heat dis- 
tribution are also considered in connection with a number of 
practical examples. 

A short section is devoted to the welding of cast iron and covers 
the influence of the base material, welding electrodes, and the 
welding procedure on the results obtained. 


Dynamics 


DI£ KRITISCHEN DREHZAHLEN WICHTIGER ROTORFORMEN. By Karl 
Karas, Technische Hochschule Brinn. Julius Springer, Vienna, 
1935. Paper 63/4 * 10!/, in., iv and 154 pp., 40 figs., 22 tables, 
18 rm. 


REVIEWED By C. RICHARD SODERBERG® 


HERE IS an extensive literature in existence relating to 

the problem of determining critical speeds in rotating struc- 
tures by analytical methods. The variation problems involved 
may usually be treated by Ritz’s method, but the exceedingly 
complex nature of the solutions obtained leaves a wide field for 
mathematical ingenuity. Dr. Karas’ treatise is presented as a 
résumé of these methods, but the discussion is limited chiefly to 
single-diameter shafts in two bearings loaded with disks disposed 
in a variety of simple arrangements. 

The selection of appropriate methods for routine calculation 
work of this type must always remain a matter of personal taste. 
Intrinsic differences between different methods are often sub- 
merged by the skill applied in rationalizing the calculation rou- 
tine. For these reasons, it is unwise to condemn any proposal 
which is backed up by sound theoretical reasoning and some 
practical experience. 

However, most of the practical critical-speed problems en- 
countered in the industry involve elements which lead to unwork- 
ably complex results if treated by the mathematical methods pre- 
sented in this book. The elastic properties, as well as the dis- 
tribution of mass of the rotors, usually vary in a manner which 
cannot be represented by simple functions. Most rotating sys- 
tems have more than two supports, leading to statically indeter- 
minate beam problems. In most instances, it is necessary to 
take into account, at least qualitatively, the influence of elastic 
yielding of the bearing supports. 

The graphical methods now in use, fortified by a limited appli- 
cation of the general methods presented by the author, will prove 
adequate for most applications in the industry. Contrary to the 
author’s assertion, there is seldom any difficulty in obtaining the 
necessary degree of accuracy as far as the graphical work itself is 
concerned. When uncertainties do exist, they are usually asso- 
ciated with complexities in the elastic properties of the shaft sys- 
tem and of the bearing supports. 

Many of these methods require certain conditions of conver- 
gence in order to be practically workable. This applies particu- 
larly to higher modes of vibration and to multibearing arrange- 
ments. There is much material of interest in Dr. Karas’ book 
which will enable the reader to acquire an understanding of the 
true significance of these criteria of convergence. 

For these reasons, it is not possible to classify Dr. Karas’ book 
as one presenting methods ready for direct practical applications. 
It is well worth reading principally because of the understanding 
it gives of the mathematical background of these applications of 
the calculus of variations. 


8 Manager, Turbine Division, Westinghouse Electric & Manufac- 
turing Co., South Philadelphia, Pa. Mem. A.S.M.E. 


| 
3 
| 
c 


A-158 


Distribution of Pressure in Soils 


DRUCKVERTEILUNG IM BAUGRUNDE. By Dr.-Ing. O. K. Frohlich. 
Julius Springer, Wien, 1934. Paper, 6'/4 X 91/2in., 185 pp., 68 
figs., 15 rm. 


REVIEWED By I. F. Morrison® 


HERE HAS been an increasing interest during the past two 
decades in that branch of engineering which has to do with 
earth as a material capable of supporting stresses caused by loads 
which may be placed upon it. The subject is treated in detail in 
this book from an elementary point of view and for that reason 
is to be recommended to those who are not equipped to master 
the more rigorous mathematical treatment of the subject. In 
fact, this book stands in the same relation to its subject as the 
books on strength of materials stand to the more advanced 
treatises on the theory of elasticity. 

The first two chapters deal with a presentation of the problem, 
the concept of earth as a material and the phenomenon of plas- 
ticity in earthlike bodies, i.e., aggregates of granular particles 
either with or without cohesion. 

As a preliminary to the author’s main thesis, chapter 3 is de- 
voted to a general discussion of the stresses and deformations in 
an elastic isotropic semi-infinite solid. The well-known formu- 
las of Boussinesq are set down for cylindrical and for polar co- 
ordinate systems, and the principle of the rectilinear dispersion 
of the applied load is recognized as a special case for a volume- 
constant material, i.e., when the Poisson number m = 2. 

In chapters 4, 5, 6, and 7, the stress conditions in a semi-infinite 
solid are developed in detail on the basis of the simplifying as- 
sumption of rectilinear dispersion of the load. The formulas 
for the single load and line load are developed, followed by a con- 
sideration of loads distributed on rectangular strips and circular 
areas. 

The ‘“‘concentration factor” arises naturally in the mathemati- 
cal process and is retained in the subsequent developments 
throughout the book. The figures show the isobars—corre- 
sponding to the commonly used pressure bulb—and isochromes 
related to the experimental photoelastic method for plane stress. 

Following his theory of stress distribution, the author presents 
a discussion on the flow of cohesionless and cohesive soils based 
on the flow-condition hypothesis of Hencky and von Mises, coupled 
with two excellent short chapters on the limiting surfaces be- 
tween the elastic and plastic regions and the critical loading of a 
soil. It is pointed out that this more general hypothesis leads, in 
the case of cohesive soils such as clay, to Mohr’s flow condition 
and as a special case to Rankine’s theory for cohesionless masses. 

In the following chapters, 11 and 12, the phenomena of the 
elastic settlement and of the plastic settlement of earth are 
treated from the mathematical point of view. Such topics as the 
elastic modulus, based on Terzaghi’s “Schwellkurve fiir Tone 
and Sande,” the influence of the elastic behavior of the earth- 
type on the “concentration factor,” and discontinuity in the 
plastic region are very ably handled with a clarity which makes 
the reading of it a pleasure. 

The remaining chapters, 13 to 16, are given over to a dis- 
cussion of the verification of the principle of rectilinear disper- 
sion of the load by comparison with the results of research and to 
illustrative examples, including some remarks on the influence 
of ground water, on the choice of permissible soil pressures and on 
plastic phenomena in various problems in earthwork statics. 

An excellent bibliography, containing the references in the text, 
is attached. 


* Professor of Applied Mechanics, Department of Civil and Munici- 
pal Engineering, University of Alberta, Edmonton, Alberta, Canada. 
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Elasticity 


An Introduction to the Theory of Elasticity for Engineers and 
Physicists. By R. V. Southwell, M.A., F.R.S., Professor of Engi- 
neering Science in the Oxford University. Oxford Engineering 
Science Series. Oxford University Press, London, 1936. Cloth, 
6 X 91/2 in., 509 pp., 120 figs., $10. 


REVIEWED BY H. M. 


HIS DISTINGUISHED book is a new link in the great 

British tradition in the science of mechanics. The sciences are 
international, and handbooks and works of reference may be 
nearly independent of geography in appearance and content. 
But the life and growth of sciences are dependent on national 
traditions. If the strength of a book on a classical subject is in 
the original thinking, ideas, and outlook that it represents and 
in its style, it will belong almost inevitably in a national tradi- 
tion, though it may exert influence internationally. Southwell’s 
book is definitely British. It is not a work of reference, though 
it may be consulted with profit for processes and data applying 
to various particular problems; it is primarily a book to read, a 
book of ideas and outlook, a British variation of older themes 
with some new additions, done with craftsmanship, achieving 
simplicity and style. 

Theory of elasticity is interpreted by Southwell in a broad 
sense as including all branches of mechanics in which elasticity 
is a dominant property. This broad interpretation is at least as 
justifiable as the narrower one, which has gained ground, accord- 
ing to which the theory of elasticity begins where the subject of 
strength of materials ends, permits fewer assumptions than al- 
lowed in strength of materials, and treats single elastic solids 
deforming within the range of the law of superposition. Chap- 
ters 8 to 12, which deal with the theory of elasticity in this nar- 
rower sense, are important, but are not relatively more important 
than chapters 1 to 3 on structural mechanics, chapters 4 to 7 
on what is usually treated under the title of strength of materials, 
or chapters 13 and 14 on elastic stability and vibrations. Be- 
cause of the breadth of the field that has been entered, the 
amount of attention given to each of the divisions is naturally 
limited. Accordingly, the word “introduction” in the title of 
the book is to be taken seriously, and it would be unreasonable, 
for example, to criticize the author because in the chapters on 
structural mechanics he chose to emphasize the principles of 
minimum energy and leave unmentioned the important general 
method which is identified by the three names of Maxwell, Mohr, 
and Miiller-Breslau. Castigliano’s principle of minimum of 
energy serves well the purpose of introduction to the field when 
it is presented as brilliantly as done by Southwell through the 
consideration of self-strained structures. And the author's 
judgment is justifiable, that it is of greater value to give extensive 
consideration to the two principles of minimum of energy, in- 
volving variation of shape and stresses, respectively, and show 
their mutual relation, than to include further general procedures. 

Robert Hooke has never been treated with greater courtesy 
than in chapters 1 to 3, pages 1 to 113, in this book. In chapter | 
Southwell states Hooke’s law, not in the conventional edited 
form, in which the deformations of a small block are defined in 
terms of the stresses, Young’s modulus, and Poisson’s ratio, but 
in a form which represents Hooke’s conception as nearly as pos- 
sible; claiming proportionality of externally visible deformations, 
such as deflections, to the external load on a structure. Next, 
Southwell considers two loads, and by a process which lacks 
nothing in clarity, though perhaps it might be simplified, he 
arrives at the principle of superposition for loads as causes and 


10 Gordon McKay Professor of Civil Engineering, Harvard Uni- 
versity, Cambridge, Mass. 
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deflections as effects. Then he engages in the experiment 
of seeing how far he can go by use of this general principle, with 
only an occasional appeal to the law of conservation of energy. 
The experiment is successful indeed, for the three chapters con- 
tain adequate derivations of Maxwell’s law of reciprocal deflec- 
tions, laws of forces or deflections as derivatives of energy, a 
theory of arches, the theorem of three moments, a theory of self- 
strained bodies, the two principles of minimum of energy with 
applications to statically indeterminate structures, and Saint 
Venant’s principle of localized effects of self-balancing local loads. 
Examples are given, and Southwell’s method of systematic relax- 
ation of constraints, and Hardy Cross’s method of moment 
distribution are discussed. This performance is almost accept- 
able as a brief for the canonization of Robert Hooke. 

In chapter 4 Young’s modulus and Poisson’s ratio are intro- 
duced, and the modulus of elasticity in shear is derived for the 
ease of pure shear. In the subsequent discussion it is assumed 
without proof that it is permissible to apply the principle of super- 
position to the six components of stress and the deformations 
they produce in a small rectangular block. Robert Hooke still 
needs his canonization at this place. The matter, however, is 
again taken up in chapter 10, where those whose code demands 
mathematical accuracy will find satisfaction. 

The following criticisms are of minor character. On page 124 
it is stated that for materials of practical importance Poisson’s 
ratio has a lower limit of 0.25. For concrete, however, which 
should not be overlooked, values of about 0.15 have been meas- 
ured frequently. The definition on page 143 of the factor of 
safety as a ratio of stresses is misleading when there is a tendency 
to buckling. In chapter 6, in describing the determination of 
deflections of beams by string polygons and by elastic weights 
on conjugate beams it would have been reasonable to refer to the 
originator of these procedures, Otto Mohr. In dealing with 
struts of nonuniform cross section, page 210, it would have been 
reasonable to include a reference to uses of the same method 
earlier than Taylor’s in 1925. The radial stresses in the analysis 
of pure bending on page 159 is not zero, but can be derived from 
the preceding analysis of a tube with internal pressure, and can be 
shown to be small. Such minor points of criticism can be found, 
but by looking at the whole book, its wealth of original thought, 
its practical orientation combined with logic and style, one is 
foreed to admiration. 

The American tradition in mechanics is different from the 
British. The American tradition has back of it the building of 
great structures and industrial achievements. It has a record of 
resourceful experimental research, carried out extensively and 
with a healthy attitude toward testing. In analysis Squire 
Whipple’s solution for the truss in 1847 and C. E. Greene’s 
discovery about 1873 of the use of moments of areas of moment 
diagrams only a few years after a related discovery by Otto 
Mohr deserve to be remembered. Later the Americans drew for 
a while on the systematic treatments of the subject by the 
Germans; for example, Castigliano’s method of least work be- 
came known in this country because Miiller-Breslau had made it 
known in Germany. In the last decade Timoshenko’s inter- 
national scholarship and analytical technique have been in- 
fluential. On the whole, in this country analysis in mechanics 
has been at its best when it has maintained a close relation to the 
structure in action (as for example in Hardy Cross’s moment 
distribution method); when leaving the structure and departing 
into mathematics on the way to a solution have been reduced 
to a minimum; when orgies of writing equations have been 
avoided. 

It is to be hoped that Southwell’s book will be read widely in 
America. It can be read with pleasure. Because of the de- 
velopment that has taken place here, this book is timely. In so 
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far as it is read and understood, it will supply new orientation 
in the thinking in mechanics in this country, and will exert a 
needed influence on the American tradition which is still in the 
making. 


James Watt: Craftsman and 
Engineer 


James Watt: CRAFTSMAN AND ENGINEER. By H. W. Dickinson. 
Cambridge University Press Department, The Macmillan Com- 
pany, New York, 1936. Cloth, 6 K 93/,4in., 207 pp., xvii plates, 
14 figs., $4. 


REVIEWED BY C. RICHARD SODERBERG!! 


NTEREST AND appreciation of history, and particularly the 
history of great men, is rightly regarded as an important 

index of the cultural level of any individual, or of any group of 
individuals. The engineering profession has very little to be 
proud of in this connection; it has been notorious in its neglect 
of the historical point of view and of the history of its own great 
men. James Watt, being one of the greatest, cannot be said to 
have been entirely neglected, but it is nevertheless significant 
that, until 1927, the only outstanding biography of his life, that 
of Samuel Smiles, bore the date, 1865. 

The present biography is written by the same author who, 
in cooperation with R. Jenkins, brought out the remarkable 
volume “James Watt and the Steam Engine” a few years ago. 
The two books have very little in common, however. The earlier 
treatise is an exhaustive study replete with carefully documented 
details, technological as well as historical. The volume under 
review is an intensely interesting popular treatise, which brings 
out vividly not only the human qualities of Watt and his as- 
sociates, but also the historical background of their work. 

It is difficult to resist the temptation to quote from the book. 
The first chapter, dealing with the use of the engineer, gives the 
following statement with regard to the etymology of our profes- 
sional designation: “Certain crafts, e.g., that of the barber, have 
developed into professions and somewhere in this category we 
must place the engineer. In its origin the occupation was military 
—that of the artificer who worked the ballista, catapult or “gin” 
used in attacking walled cities—the “ingyner,” or “engynier” 
(latinised as “‘ingeniator,’”’ and shortened to “‘Ginner’’ or “Jen- 
ner,’ whence these two surnames).”’ Subsequently, the word 
“civil” was added to differentiate the application of the craft to 
useful work from that of the original military counterpart. 

While the title of the book indicates Watt as the main subject, 
it properly emphasizes the simultaneous rise of the commercial 
industrialist, Matthew Boulton. The genius and sterling qualities 
of Boulton have not always been sufficiently appreciated. The 
Soho Foundry appears to have utilized fully modern principles 
of costing and scientific management. This was half a century 
before the birth of F. W. Taylor. 

The personality of Watt has always been more or less elusive. 

Yatt’s letters, from which there are many quotations, are full 
of poignant terms, however, which will prove a source of delight 
to any engineer. In a letter to Small in 1769 he states that “Of 
all things in life there is nothing more foolish than inventing.” 

In 1777 and 1778 he spent a long time m Cornwall to supervise 
the installation of several engines, among others the famous 
Wheal Union engines near Chacewater. Those who have oc- 
casion to read the report of service men on the starting of new 
turbine projects will appreciate his letters to Boulton during this 
time. “On Friday I went to W! Union, where I found them in 
in ye dumps.” On August 3, 1778 the “Chacewater engine wore 


- Manager, Turbine Engineering Department, Westinghouse Elec- 
tric & Manufacturing Co., South Philadelphia, Pa. Mem. A.S.M.E. 
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a very gloomy aspect and went sluggishly.” Watt made a 
thorough inspection of it thinking that “perhaps a board, a 
bunch of oakam, somebody’s hat or coat, had been left in ye 
cylinder & had come into ye nozzle.”” Those of us who sometimes 
complain of shop workmanship and mistakes will do well to look 
into the problems that Watt and Boulton encountered in trying 
to find a satisfactory piston packing. A letter to Boulton in 1778 
ends with this sentence “The oackum & roping [for the piston 
packing] should be quite white, i.e., free from any tarr & then very 
little Grease is necessary, for ye article cannot be afforded parti- 


cularly here where ye Engine men eat it Adieu—Upper leads of 
piston should be short and deep.” 

This book is certain to become a best seller as far as the tech- 
nologically trained part of the public is concerned. ‘The tech- 
nological facts are presented in such simple terms that they offer 
no obstacle to any educated reader. There is no reason, therefore, 
why the appeal of this book to the general public should not 
equal that of many recent biographies of great men in other 
fields. Certainly, there are few men that have had the historical 
significance of Watt and Boulton. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain Records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1936, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. The second, to be issued 
sometime later in the year, will contain the memorial notices of deceased members. 
It is expected that the reports of Council and the Society’s committees will appear 
as a supplement to one of the fall issues. The indexes to miscellaneous publications, 
Mechanical Engineering, and to the Transactions themselves, must, necessarily, be 
delayed until 1937, and will probably be mailed as a supplement to the January issue 
of that year. 

In binding the 1936 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 


THE COMMITTEE ON PUBLICATIONS 


if 
a 
* 
; 
3 
; 
i 
2 
2 
h 
pick 
3 
a 


WILLIAM L. BATT 
PresipENT OF THE AMERICAN SocieTy OF MECHANICAL ENGINEERS 
1935-1936 


: 

Bachrach 
thy 

i 


William L. Batt 


ILLIAM L. BATT, president of The American Society of Mechanical Engineers 

for the term 1935-1936, is president of the SKF Industries, Inc. Mr. Batt was 
born in Salem, Ind., on July 31, 1885. His family later moved to Lafayette, where 
he attended the public schools, and eventually Purdue University, from which he 
was graduated in 1907 in mechanical engineering. 

Prior to his graduation and for a short time thereafter, Mr. Batt was associated 
with Dr. W. F. M. Goss, then Dean of Engineering of Purdue, in the private pro- 
fessional work which Dean Goss then carried on. With Dr. Goss’s departure from 
Purdue Mr. Batt became associated with The Hess-Bright Manufacturing Company, 
Philadelphia, in manufacturing, engineering, and sales of anti-friction bearings. In 
1917 he became general manager of the company, and following the consolidation of 
the SKF Ball Bearing Company, The Hess-Bright Manufacturing Company, and 
other organizations, became vice-president of SKF Industries, Inc., the central 
organization. He has held the office of president since 1922. 

Mr. Batt has been a member of The American Society of Mechanical Engineers 
since 1911, and has been actively interested in its work, serving as chairman of the 
Revenue Committee, chairman of the Committee on Meetings and Program, chair- 
man of the Coordination Committee of Engineering Societies, U.E.T., Inc., and as 
a member of the Market Analysis Committee and of the Committee on Awards, of 
which he was chairman in 1935. For several years he also represented the Society 
on the board of the United Engineering Trustees, Inc. He was elected a vice-presi- 
dent of the Society in 1933. He has also been interested in committee work in the 
Society of Automotive Engineers. 

Mr. Batt is a director of the Air Preheater Corporation and a director of the 
Hudson Insurance Company, New York. In 1923 he was elected a member of the 
Board of Directors of the Swedish Chamber of Commerce of the U. S. A., and in 
1926 was elected vice-president. For his interest and activity in promoting commer- 
cial relations with Sweden, King Gustav V, of Sweden, in 1926, conferred upon Mr. 
Batt the decoration of the Order of Vasa, and in 1933 the Royal Order of the North 
Star. 

He is a member of the Newcomen Society, the Tau Beta Phi honorary fraternity, 
the Purdue Club of New York, the Engineers’ Club, New York, the Engineers’ Club 
of Philadelphia, the Upper Montclair Country Club, and the Pine Valley Golf Club. 
In November, 1933, he was honored by his Alma Mater, Purdue University, with the 
degree of Doctor of Engineering. 

He has contributed a number of articles to technical and general publications. 
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W. L. DupLey 
A. N. Gopparp 


O. B. Scuter, 2ND 
L. N. Row Jr. 


Advisory Members: W.L. Dupupy, A. N. Gopparp, L. 8S. Marks, 
J. M. Topp 
(Personnel of Special Committee, p. 8) 


i Junior Advisers (1936) 


ADMISSIONS 


R. H. McLain, Chairman and Representative on Council (1936) 
C. L. Davipson (1937) F. C. Spencer (1939) 
L. R. Forp (1938) Norman LitcHriecp (1940) 


Adrisory Member: H. A. LARDNER (1936) 


PROFESSIONAL DIVISIONS 


K. H. Conprt, Chairman and Representative on Council (1936) 
G. B. PeGcram (1937) L. K. (1939) 
Crossy Frevp (1938) H. B. Reynotps (1940) 


(Personnel of Professional Divisions’ Executive Committees, p. 9) 


LOCAL SECTIONS 


W. Lyte Duptey, Chairman and Representative on Council (1936) 
J. N. Lanpts (1937) D. B. Prentice (1939) 
W. R. Wootricn (1938) A. J. Kerr (1940) 


(Personnel of Local Sections’ Executive Committees, p. 14) 


CONSTITUTION AND BY-LAWS 


H. H. SNEtutnG, Chairman and Representative on Council (1936) 
Ricwarp KutTzues, Jr. (1937) R. D. Brizzouara (1939) 
W. H. Kavanaueu (1938) G. E. Hutse (1940) 

Junior Adviser: G. N. Cour (1936) 


HONORS AND AWARDS 


HerRMAN Diepericas, Chairman and Representative on Council (1936) 

R. C. H. Heck (1937) Harte Cooke (1939) 

L. P. Atrorp (1938) W. H. Carrter (1940) 
Junior Adviser: G. D. WiuKinson, Jr. (1936) 


EDUCATION AND TRAINING FOR THE INDUSTRIES 


C. J. Freunp, Chairman and Representative on Council (1936) 
JoHN YOUNGER (1937) P. E. Buss (1939) 
J. A. RANDALL (1938) To be appointed (1940) 


ar: 
f 
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RELATIONS WITH COLLEGES 


E. W. Bursank, Chairman and Representative on Council (1936) 
R. V. Wriaut (1937) F. V. Larkin (1939) 
W. A. Haney (1938) H. O. Crort (1940) 

S. H. 
Advisory Members (1936) 
Junior Adviser: L. F. Zsurra (1936) 


(Student Branches and Officers, p. 12) 


LIBRARY 


E. P. WorprEn, Chairman and Representative on Council (1936) 
L. K. (1937) J. S. Kerins (1938) 
The Secretary, C. E. Daviges, Ex-Officio 


RESEARCH 


Organized in 1909 to supervise all research activities of the Society, to 
cooperate with similar committees of kindred societies, to encourage 
research, and to disseminate knowledge of researches conducted 
in the United States and in other countries 
N. E. Funk, Chairman and Representative on Council (1939) 

E. G. (1936) H. A. Jonnson (1938) 
J. E. Gueason (1937) L. W. Wattace (1940) 


(Personnel of Special Committees, p. 20) 


STANDARDIZATION 


Organized in April, 1911, to supervise all standardization activities of 
the Society and to advise concerning the Society's participation in 
the activities of the American Standards Association 
ALFRED IppLEs, Chairman and Representative on Council (1936) 

J. E. Lovey (1937) O. A. LeuTWILeR (1939) 
Water Samans (1938) W. C. (1940) 


(Personnel of Special Committees, p. 22) 


POWER TEST CODES 


Organized December, 1918, to revise and extend the Power Test Codes 
of the Society. These codes had been formulated by various technical 
committees appointed to develop particular codes. This work 

began in 1886 


F. R. Low,* Chairman and Representative on Council 


R. H. Fernawp, Acting Chairman 
W. G. Roruscuiip, Junior Observer (1936) 


Term expires 1987 
Harte Cooke 


Term expires 1936 
A. G. CHRISTIE 


Pau. DISERENS E. R. 

E. C. Hutcsatnson O. P. Hoop 

G. A. Orroxk H. B. OaTLey 

W. M. W. J. WoHLENBERG 


Term expires 1939 


C. H. Berry 
Francis HopGKINSON 


Term expires 1988 


Hans DABLSTRAND 
Louis 


G. A. Horne D. 8. Jacosus 
H. B. Reynouips L. F. Moopy 
E. N. Trump E. B. Ricketts 
Term expires 1940 
A. T. Brown C. F. Hirsare tp 


R. H. Fernatp F. R. Low* 


J. S. Pieeorr 
(Personnel of Technical Committees, p. 26) 


SAFETY 


Appointed in October, 1921, to extend the knowledge of accident 
prevention, to promote cooperation in this field, and to supervise 
all safety code activities of the Society with the exception of 
those of the Boiler Code group of committees 


W. M. Grarr, Chairman and Representative on Council (1936) 
H. H. Jupson (1937) J. B. Caatmers (1939) 
H. L. Mrver (1938) D. L. Rover (1940) 
Junior Adviser: Cart ENDLEIN (1936) 


(Personnel of Special Committees p 28) 
* Deceased January 22, 1936 
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PROFESSIONAL CONDUCT 
E. R. Fisu, Chairman and Representative on Council (1936) 


J. H. Herron (1937) 
E. F. Scorr (1938) 


HuGo Diemer (1939) 
B. F. Woop (1940) 


Special Technical Committees 


BOILER CODE 


F. R. Low,* Chairman 

D. 8. Jacosus, Vice-Chairman 
C. W. Osert, Honorary Secretary 
M. Jurist, Acting Secretary 


. Frost 
. Gorton 

. GREENE, Jr. 
. Howe. 


C. A. ADaMs . Humpton 
H. E. ALpRicu 
H. C. BoaRDMAN . Movuttrope 
W. H. Borum Myers 
R. E. H. B. Oatiey 
F. S. CLark JaMES PARTINGTON 
A. J. WALTER SAMANS 
E. R. Fisx A. C. WEIGEL 
H. LeRoy WHITNEY 
Honorary Members 
F. W. Dean C. L. Huston 
W. F. Duranp W. F. Kieser 
T. E. DurBan M. F. Moore 


H. H. VauGHan 


Conference Committee to the Boiler Code Committee 


T. R. Arcuer, Delaware 

L. M. BARRINGER, Seattle, Wash. 

A. J. BEAUREGARD, Rhode Island 

Wo. Betz, Jr., Philadelphia, Pa. 

H. D. Bomseck, St. Joseph, Mo. 

B. M. Book, Pennsylvania 

J.C. Bryan, St. Louis, Mo. 

T. C. Cannon, Tulsa, Okla. 

A. L. Dantets, Parkersburg, 
W. Va. 

James Donouus, Indiana 

L. F. Dugg, Maryland 

M. A. Epe@ar, Wisconsin 

M. J. Firyzrx, Washington 

C. W. Foster, Omaha, Nebraska 

W. H. Furman, New York 

GERALD GEARON, Chicago, III. 

E. M. Goopman, Evanston, III. 

C. H. Gram, Oregon 

P. M. Greentaw, District of 
Columbia 


F. A. HeckinGer, Memphis, Tenn. 

J. M. Lyncu, Erie, Pa. 

C. E. McGrnnis, Los Angeles, 
Calif. 

H. H. Mutts, Detroit, Mich. 

A. C. MircHett, Scranton, Pa. 

C. O. Mygrs, Ohio 

J. D. Newcoms, Jr., Arkansas 

W. L. Newton, Oklahoma 

Dantet O’Connor, Michigan 

F. A. California 

G. S. Patrerson, Houston, Tex. 

L. C. Peat, Nashville, Tenn. 

J. J. Ryan, Kansas City, Mo. 

E. K. Sawyer, Maine 

A. H. ScHLEMAN, Tampa, Florida 

J. F. Scorr, New Jersey 

W. E. Suupinea, Jr., N. Carolina 

C. I. Smits, Utah 

Wo. E. Smirn, Hawaiian Islands 

GeorGE Witcox, Minnesota 


COMMITTEE 


D. 8. Jacosus, Chairman 
H. E. Aupricu 

W. H. Borum 

E. R. 


V. M. Frost 
C. E. Gorton 
F. R. Low* 
C. W. OBERT 


JAMES PARTINGTON 


SUBCOMMITTEE ON or LocoMOoTIVEs 


James PARTINGTON, Chairman 
F, H. Crark 


J. M. 
H. B. Oatier 


SUBCOMMITTEE ON CARE OF STEAM BoILERS AND OTHER PRESSURE 
VESSELS IN SERVICE 


F. M. Gisson, Chairman 
V. M. Frost 

J. R. 

J. A. HUNTER 

H. J. Kerr 


W. H. Larkin, Jr. 
8S. T. 

C. W. Rice 

H. F. Scorr 
STAHL 


F. G. Straus 


SUBCOMMITTEE ON MATERIALS 


H. LeRoy Wuitney, Chairman 
A. J. Evy 

H. J. Frencu 

H. W. 


J. J. KANTER 
H. J. Kerr 

A. B. Kinzet 
A. E. Waite 
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SUBCOMMITTEE ON HEATING BoILerRs 


F. B. Howe, Chairman C. E. Gorton 

W. H. Boru F. W. HERENDEEN 
C. E. Bronson W. E. STarkK 

J. A. Darts J. W. TURNER 


SUBCOMMITTEE ON MATERIAL SPECIFICATIONS 


Members of A.S.M.E. Boiler Code Committee 


P. R. Cassipy, Chairman 
A. M. GREENE, JR. 


J. O. Legecu 
P. J. Smita 


Members of Conference Committee of American Society for 
Testing Materials 
Cc. L. Warwick, Chairman 
C. F. W. Rys 


E. J. Epwarps 


Members of Conference Committee of Association of American 
Steel Manufacturers, Technical Committees 


J. O. Lescn, Chairman E. F. KENNEY 
A. D. Pracr 
SUBCOMMITTEE ON MINIATURE BOILERS 
C. E. Gorton, Chairman W. H. Furman 
James ParTINeTON, Vice-Chairman G. A. Luck 
E. R. C. O. Myers 


C. W. Osert 


SUBCOMMITTEE ON NoON-FERROUS MATERIALS 


H. B. Oatiey, Chairman F. P. Huston 
J. J. AULL H. C. JENNISON 
D. K. Crampton E. F. 
A. M. Hovser JosePH Price 


SUBCOMMITTEE ON RULES FOR INSPECTION 


WILLIAM FERGUSON 
C. E. Gorton 
F. W. HERENDEEN 


J. A. Couuins, Chairman 
S. H. BAaRNUM 
E. CONNELLY 


JAMES PARTINGTON 


SUBCOMMITTEE ON SPECIAL DESIGN 


D. B. RossHem 
W. H. Rowanpb 
E. O. WaTERS 

F. 8S. G. 


D. B. Wesstrom, Chairman 
W. L. Bower 
R. E. Crciu 

H. E. 


SUBCOMMITTEE ON UNFIRED PRESSURE VESSELS 


E. R. Fisu, Chairman R. E. Ceci. 
A. ApaMs Pau. DIseRENS 
W. H. A. W. Liwont, Jr. 


C. E. Bronson H. S. Smirx 


D. B. 
SUBCOMMITTEE ON WELDING 


Members of A.S.M.E. Boiler Code Committee 
James PartInetTon, Chairman J. H. DeprELER 


C. A. ADAMS E. R. 
A. M. Canpy R. K. Hopkins 
R. E. T. McLean JASPER 


L. A. SHELDON 


Members of Conference Committee of American Welding Society 


C. W. Osert, Chairman J. W. Owens 

J. J. A. Kipp 

E. H. Ewrertz H. E. Rockere.ier 
F. C. L. H. Rotter 


API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 


A.S.M.E. Representatives 


. CECIL D. 8. Jacosus 
T. McLean JASPER 
JAMES PARTINGTON 


A.P.I. Representatives 


Water Samans, Chairman K. V. Kine 
A. J. (P. D. McE Alternate) 
R. C. T. D. Tirrt 


SHAFT COUPLINGS 


Appointed in December, 1928 
A.S.M.E. Members (Total personnel, 6) 


D. J. McCormack, Chairman 
R. E. B. SHarp 


H. G. 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


Joint sponsorship with the American Society for Testing Materials. om 
Appointed in December, 1929 y 

A.S.M.E. Members (Total personnel, 4) 
W. H. TL. K. 


STANDARD HEIGHT FOR LOADING PLATFORMS AT 
FREIGHT TERMINALS AND WAREHOUSES 


Joint sponsorship with the Society of Terminal Engineers. 
Appointed in December, 1931 
A.S.M.E. Member (Total personnel, 13) 
tC. B. Crockett 


Special Council Committees 


ADVISORY BOARD ON PROFESSIONAL STATUS 


J. H. Herron, Chairman ae 

B. F. Woop, Professional Conduct See 
To be appointed, Registration ae 
R. H. McLatn, Admissions 

C. F. Hrrsxrevp, Engineers’ Council for Professional Development 


ADVISORY BOARD ON STANDARDS AND CODES 
D. Batney, Chairman 


V. M. Frost, Boiler Code 

W. M. Grarr, Safety 

Francis HopGkinson, Power Test Codes 
O. A. Standardization 


ADVISORY BOARD ON TECHNOLOGY 


ALFRED IppLEs, Chairman 


L. W. Wattace, Research 

K. H. Conpirt, Professional Divisions 
Ss. W. 

R. I. 


Dun ey, Publications 
Rees, Meetings and Program ae 


BOARD OF REVIEW (DELINQUENT MEMBERS) 


A. D. Buakg, Chairman J. P. Nery S. D. Sprone 


TRUSTEES FOR CERTIFICATES OF INDEBTEDNESS ees 


W. D. Ennis Errk OBERG R. V. Wrieat 


CITIZENSHIP (MANUAL ON) ae 


A. R. Cutitrmore, Chairman J. W. Roz 


M. GILBRETH W. H. WInTERROWD 


R. V. Wricut 


ECONOMIC STATUS OF THE ENGINEER 


C. F. Chairman 
D. 

C. N. 

H. B. Oatiey 


H. L. WairreMore 
W. E. WicKENDEN 


E. W. BurBank 
W. L. Ex-Officio 


EMPLOYMENT (MEMBER RELATIONS) 
W. A. SHoupy 


CrossBy J. N. Lanpis 


ENGINEERING HISTORY 


G. A, Orroxk _ J. W. Ros 


+ Official A.S.M.E. representative serving on this committee. 


R.E 
E.R 
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FREEMAN SCHOLARSHIP 


CHARLES T. Main, Chairman 
E. C. HutcHinson 


CLARKE FREEMAN 


JOINT ACTIVITIES 


R. E. FLANDERS W. C. LinpEMANN J. W. PARKER 


JUNIOR PARTICIPATION 


A. A. 
W. H. WINTERROWD 


D. B. Prentice, Chairman 
W. A. HaNLEY 


MANUAL OF PRACTICE 


B. F. Woop, Chairman J. M. Topp 
ALFRED IDDLEs M. X. WILBERDING 
Wrnn MEREDITH E. R. Fisu, Ex-Officio 
THEODORE BAUMEISTER, JR., Acting Secretary 
Junior Adviser, WERNER 


POLICIES AND BUDGET 
H. R. Westcott, Chairman 
L. P. ALForD 
. M. BrIiGMAN 


J. H. LAWRENCE 
R. G. Macy 

A. L. MAILLaRD 
M. C. MaxweEL. 


ALFRED IDDLES J. W. ParKER 
A. C. L. K. 
J. N. LAnpIs W. H. WINTERROWD 


PUBLIC AFFAIRS 


Special Administrative Committee 
REGULAR NOMINATING COMMITTEE (FOR 1936) 


GROUP 


I Epwarps R. Fisx, Hartford, Conn. 
CHarR.LEs M. ALLEN, Worcester, Mass., /st Alternate 
G. E. Hutssz, New Haven, Conn., 2nd Alternate 
II J. N. Lanois, Brooklyn, N. Y. 
W. E. CaLpwe tu, New York, N. Y., /st Alternate 
F. M. Grsson, Brooklyn, N. Y., 2nd Alternate 
III H. Diepericas, Ithaca, N. Y., Chairman 
V. M. Pautmer, Rochester, N. Y., /st Alternate 
F. M. Ferxer, Washington, D. C., 2nd Alternate 
IV_ R. P. University, Ala. 
B. E. Sort, Austin, Tex., Alternate 
VF. W. Marauts, Columbus, Ohio 
Grorce W. Bacu, Erie, Pa., /st Alternate 
L. E. Jermy, Cleveland, Ohio, 2nd Alternate 
VI H. Dorner, Milwaukee, Wis., Secretary 
R. M. Boy gs, St. Louis, Mo., Alternate 
VII W. J. Cops, Salt Lake City, Utah 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


GROUP I 
Boston New Haven 
BRIDGEPORT NorwicH 
GREEN PROVIDENCE 
HARTFORD WATERBURY 
MERIDEN WESTERN MASSACHUSETTS 
New BritTAINn WORCESTER 
GROUP II 


METROPOLITAN (N. Y.) AND ForEIGN MEMBERS 


R. V. Wrieut, Chairman 
L. P. ALForD 
Pavut Doty 
D. Rospert YARNALL 


REGISTRATION 


J. H. Herron, Chairman 
B. M. BrigMan 
J. A. HUNTER 


R. E. FLANDERS 
A. A. PorrerR 
J. W. Ror 


J. A. McPHERSON 
V. M. PALMER 
R. J. Reep 


W. K. Stmpson 


CALVIN W. RICE MEMORIAL 


H. N. Davis, Chairman 
J. D. CUNNINGHAM 

W. F. Durand 

C. E. 


C. N. Laver 
E. W. O’Brien 
J. W. ParKER 
R. L. Sackett 


SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 


(Dates in parentheses denote expiration of terms) 


V. J. AzBg, Chairman (1943) W. B. Mayo (1937) 
J. H. Doourtrie, Secretary (1940) ORVILLE WriGut (1940) 
H. I. Cone (1937) C. B. MinurKan (1943) 


GEORGE WESTINGHOUSE BUST 


AMBROSE SwasEY, Honorary Chairman K. T. Compton 
D. S. Chairman S. W. DupLEy 
L. B. STILLWELL, Vice-Chairman C. N. Laver 
C. E. Davies, Secretary L. A. OsBoRNE 


C. F. Scorr 


GEORGE WESTINGHOUSE MEMORIAL 
(Ninetieth Birthday in 1936) 


A.8.M.E. REPRESENTATIVES 


R. V. Wricut, Chairman J. H. McGraw 
S. W. DupLrey C. F. Scorr 
R. I. Rees, Ex-Officio 


WESTINGHOUSE COMPANIES REPRESENTATIVES 


GROUP II 
ANTHRACITE-LEHIGH VALLEY SCHENECTADY 
BALTIMORE SUSQUEHANNA 
CENTRAL PENNSYLVANIA SYRACUSE 
PHILADELPHIA Utica 
PLAINFIELD WASHINGTON, D. C. 
RocHESTER 

GROUP IV 
ATLANTA KNOXVILLE 
BIRMINGHAM Mempuis 
CHARLOTTE New ORLEANS 
CHATTANOOGA Nortu Texas 
FLORIDA RALEIGH 
GREENVILLE SAVANNAH 
HovustTon VIRGINIA 

GROUP V 
AKRON-CANTON INDIANAPOLIS 
BUFFALO LovISVILLE 
CINCINNATI ONTARIO 
CLEVELAND PENINSULA 
CoLuMBUS PITTSBURGH 
DayTON ToLEepDo 
DETROIT West VIRGINIA 
ERI£ YOUNGSTOWN 

GROUP VI 
CHICAGO NEBRASKA 
Kansas City Rock River VALLEY 
Mip-ConTINENT Sr. JosepH VALLEY 
MILWAUKEE Sr. Louis 
MINNESOTA Tri-Cities 

GROUP VII 
COLORADO San FRANCISCO 


INLAND EMPIRE 
Los ANGELES 
OREGON 


Uran 
WESTERN WASHINGTON 


Special Publications Committee 
BIOGRAPHY ADVISORY COMMITTEE 


R. V. Wricat, Chairman F. R. Low* 
L. P. ALFrorp G. A. OrRoK 
R. E. FLANDERS J. W. Roe 


ES 


S. W. DupLrey 
W. G. MARSHALL 


C. F. Scorr 
J. B. Wricut 


W. H. WINTERROWD 
* Deceased January 22, 1936. 


H. M. Burke 
W. H. Carrier ERIK OBERG 
i 


Professional Divisions 


(Personnel of Standing Committee, page 5) 


Aeronautic Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


E. A. Sperry, Chairman J. H. DoouiTTLe 
ALEXANDER KLEMIN, /st Vice-Chairman R. M. Mock 
JpRoME LEDERER, Secretary B. M. Woops 


COMMITTEE ON INDUSTRIAL AERODYNAMICS 


W. G. Grove 
O. E. Hovey 
A. L. KIMBALL 
R. J. 8S. Preorr 
L. K. Sttucox 


ALEXANDER KLEmIN, Secretary 
OLIVER ALLEN 

W. H. Carrier 

H. E. Davison 

H. P. FreaR 


REPRESENTATIVES ON OTHER ACTIVITIES 


Aircraft Safety and Inspection, JERomME LEDERER 
Marking of Obstructions to Air Navigation, J. E. Warrspeck 
Spirit of St. Louis Medal Board of Award, V. J. AzBE 
Daniel Guggenheim Medal Fund, E. E. ALpRIN 


Applied Mechanics Division 


Organized, 1927 


EXECUTIVE COMMITTEE 


E. O. Waters, Chairman 
C. R. Sopersere, Secretary 
J. C. HUNSAKER 


J. P. Den Hartoe 
RupEN EXKSERGIAN 


Associates 
A. L. KIMBALL G. B. Pecram 


JOURNAL OF APPLIED MECHANICS 


J. M. Technical_Editor 


SUBCOMMITTEE CHAIRMEN 


Applied Physics (A.I.P.), G. B. Pearam 
Elasticity, StepHEN TIMOSHENKO 
Hydromechanics, THEODOR VON KARMAN 
Institute Aeronautical Sciences, J. P. Den Hartoc 
Materials, R. E. Peterson 
Plasticity, A. 
Thermodynamics, J. A. Gorr 
Vibration, F. M. Lewis 


Fuels Division 

Organized, 1920 

EXECUTIVE COMMITTEE 

§ K. M. Irwin, Chairman H. O. Crort 
: W. G. Curisty, Secretary M. D. ENGLE 
L. C. Bostzr T. A. Marsa 

Associates 
A. D. BuaKe A. C. STERN 


R. A. SHERMAN F. M. Van DEvENTER 


SUBCOMMITTEE ON PROGRAMS, MEETINGS, AND AIMS 
M. D. Chairman 


SUBCOMMITTEE ON FUELS ENGINEERING PROGRESS 
REPORT 


K. M. Irwin, Chairman 


SUBCOMMITTEE ON CINDERS AND FLYASH 
A. C. Stern, Chairman 
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COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page 22) 
K. M. Irwin, Chairman and Representative of Fuels Division 


COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page 21) 
K. M. Irwin, Chairman and Representative of Fuels Division 


PURE AIR COMMITTEE 
Organized, 1932 


E. C. Hutcuinson, Chairman M. D. ENGLE 
E. H. Wuittock, Secretary QO. P. Hoop 
J. W. ARMOUR W. F. Keenan 


Representatives 


Puitie DriInKerR, American Society of Heating and Ventilating 
Engineers (H. C. Murpuy, Alternate) 
K. M. Irwin, A.S.M.E. Fuels Division 
H. B. Metter, Mellon Institute of Industrial Research 
E. B. Ricketts, Edison Electric Institute 


Graphic Arts Division 
Formerly Printing Industries Division. Organized, 1922 


EXECUTIVE COMMITTEE 


Epwarp P. Hutsg, Chairman 
T. E. Daurton, Secretary 
EpWaARD EpsTgeEAN 


J. M. FARRELL 
R. G. MacDOoNALD 
Bort D. Stevens 


Associates 
V. WINFIELD CHALLENGER 
SUMMERFIELD ENEy, JR. 
F. M. Fiynn 
Harry L. Gace 
A. E. GieGENGACK 
Wo. C. Grass 


Harry GROESBECK, JR. 
We Lts F. Harvey 

W. C. HueEBNER 

T. R. Jones 

Hapar ORTMAN 

JoHN CLypE OswaLp 
H. M. 


CHAIRMEN OF DIVISIONAL COMMITTEES 


International Organization, ARTHUR C. JEWETT 
Meetings and Programs, A. E. GreGenGack 
Paper and Pulp, W. R. Mavutu 
Price Engineering, W. L. 
Progress Report, W. S. Huson 
Research Coordination, G. H. CarTER 


The Division sponsors the Conference of the Technical Experts 
in the Printing Industry, a forum for the discussion of the mechani- 
cal and process problems of the entire graphic arts field; also the 
Graphic Arts Research Bureau, formed to act as a clearing house for 
graphic arts research and for the collection, correlation, and distribu- 
tion of research information pertaining to the industry and for the 
sponsorship of research work. 


Hydraulic Division 
Organized, 1926 


EXECUTIVE COMMITTEE 


S. LoGan Kerr, Chairman 
F. G. Switzer, Secretary 
DIsERENS 


C. F. Merriam 
Forrest NaGLER 
B. R. Van Leer 


COMMITTEE ON COOPERATION WITH A.S.C.E. POWER 
DIVISION 


C. M. ALLEN, Chairman F. G. Swirzmr, Secretary 


T. R. Tats 


MEETINGS AND PAPERS COMMITTEE 
G. K. PatsGrove, Chairman R. W. Aneus 
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Hydraulic Division (continue d) 
COMMITTEE ON WATER HAMMER 
Honorary Member, Lorenzo ALLIEv1, Rome, Italy 


L. F. Moopy 
R. 8. Quick 
E. B. StROWGER 


S. Logan Kerr, Chairman 
EvGene Hatmos (A.8.C.E.) 
N. R. Grpson 
COMMITTEE ON TRANSLATIONS AND TERMINOLOGY 
B. R. Van LEER, Chairman 


Tron and Steel Division 
Organized, 1927 
EXECUTIVE COMMITTEE 


S. M. WecksteE1n, Chairman 
Stone, Secretary 
S. M. MarsHALL 


McKee 
W. R. WEBsTER 
T. H. WickENDEN 


Associates 
F. C. Biaeert, Jr. A. G. McKer 
A. J. Boynton C. 8. Rosrnson 
F. F. Foss J. H. RoMANN 
J. H. Hircacock W. TrInKs G. T. SnyDER 
Machine Shop Practice Division 
Organized, 1921 
EXECUTIVE COMMITTEE 
R. E. W. Harrison, Chairman E. R. Norris 
G. F. NorpENHOLT, Secretary B. G. Tane 
A. M. JoHNSON CARLOS DE ZAFRA 


SUBCOMMITTEE ON FOUNDRY PRACTICE 


James THomson, Chairman R. E. Kennepy, Secretary 


SUBCOMMITTEE ON MACHINE DESIGN 


J. A. Chairman 
J. B. ARMITAGE 

G. H. ASHMAN 

G. F. CosGrovE 


FREDERICK FRANZ 
G. B. 

G. F. NorpENHOLT 
ALBERT PALMER 
SUBCOMMITTEE ON LUBRICATION ENGINEERING 


W. F. Parisu, Chairman G. B. Kare.itz 
C. H. BromMiry C. M. Larson 
H. J. Masson 
SUBCOMMITTEE ON CUTTING METALS 

(Research Committee; see page 20) 

CoLteMan SELLERS, 3RD, Chairman and Representative of Machine 
Shop Practice Division 
SUBCOMMITTEE ON WELDING 
EVERETT CHAPMAN, Chairman 


Management Division 
Organized, 1920 
EXECUTIVE COMMITTEE 


G. W. Kesey, Chairman Dar 
WaLtTer RAvUTENSTRAUCH, Vice-Chairman L. C. Morrow 
W. H. Kusunick, Secretary R. I. Rees 
J. A. PraciTe.ui 

GENERAL ADVISORY BOARD 
F, B. BELL J. W. Higerns 
E. P. G. N. JEPpPsoN 
NorMaAN W. G. Kranz 
E. W. FARLEY G. H. 
E. V. FrEncH A. W. Morton 
W. D. FuLuer J. F. Porter 
Lez GALLOWAY J.C. WiLson 


FUNCTIONAL ADVISORY BOARD 


Accounting, Costs, and Budget- 
ary Control, H. R. MAaLuory 

Economics, E. Ditton 

Education and Training, R. L. 
SacKETT 

Finance, H. Wm. GupMENS 

Fire Protection, J. B. FINNEGAN 

Human Relations, Dun- 
LAP SMITH 

Job Shop, A. J. Grar 

Management Research, F. E. 
RAYMOND 

Marketing Research, G. W. 
KELSEY 

Plant Equipment and Layout, 
J. R. SHEA 


Plant Maintenance, Jay A. 
JACOBS 
Product Design, CHARLES 
Hazarp 

Product Research, U. A. Wurra- 
KER 

Production Control, J. T. Me- 
QUEENEY 

Purchasing, CARLETON REYNELL 

Quality Control, M. F. Skinker 

Safety, H. H. Jupson 

Selling, Watpo McC. McKee 

Time and Motion Study, D. B 
PorRTER 

Wages and Incentives, C. W. 
LYTLE 


LOCAL SECTION REPRESENTATIVES 


Chicago, ADoLPH LANGSNER 
Detroit, W. W. NicHoLs 
New York, A. F. Ernst 
Pittsburgh, J. Roy TANNER 
Providence, J. G. ALDRICH 


NATIONAL MANAGEMENT COUNCIL 


(See page 30) 


Materials Handling Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


N. W. Eimer, Chairman J. A. JAcK80N 
F. J. SHeparp, Jr., Secretary F. E. Moore 
G. E. HaGeMann R. B. Renner 
Associates 
F. D. CAMPBELL F. J. SHeparp, Jr. 
R. H. McLain E. D. 
J. B. Wess 


National Defense Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


H. I. Cong, Chairman 
W. C. DicKERMAN 


Raves EaRLe 
T. A. MorGan 


J. L. 


Oil ana Gas Power Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


Lee Chairman 
M. J. Reep, Secretary 
E. J. Kates 


MILLER 
L. H. Morrison 
Ernest 


Associates 


BEHN 
Harte Cooke 
L. R. Forp 


L. M. 
F. G. 
H. C. Masor 


SUBCOMMITTEE ON 1935 OIL ENGINE POWER COST 
REPORT 


H. C. Masor, Chairman 


W. G. G. Gopron 
K. M. Irwin 

E. J. Kates 

H. C. LENFest 


Howarp McCurpy 
A. B. Morgan 

L. H. Morrison 
H. A. Person 

Lee SCHNEITTER 
P. H. ScHweirzer 
H. C. 


C. A. TRIMMER 
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Petroleum Division 
Organized, 1926 


EXECUTIVE COMMITTEE 


W. H. Carson, Chairman F. H. EBERLE 

Haroitp Apkison, Midwestern Secretary W. G. 

H. J. Masson, Secretary T. D. Tirrt 
Associates 

E. H. Bartow H. F. Brinpeu H. P. Porter 


SUBCOMMITTEE ON PRODUCTION 


W. H. Carson, Chairman R. R. Hawkins 
R. M. Carr H. Decker 
H. W. MANLEY J. R. JoHNSTON 


SUBCOMMITTEE ON OIL TRANSPORTATION 


W. G. HEeLTzeEL, Chairman H. M. STEVENSON 


A. N. Horne F. A. STIvers 
H. N. HuntTerR F. E. WARTERFIELD 
B. P. S1BoLE Oscar WOLFE 


SUBCOMMITTEE ON GAS TRANSPORTATION 
R. W. Chairman 


SUBCOMMITTEE ON PETROLEUM REFINING 
T. D. Trrrt, Chairman 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 
(Machine Shop Practice Division; see preceding page) 
H. J. Masson, Representative of Petroleum Division 


SURVEY COMMITTEES ON PETROLEUM PROBLEMS 


(Now at work or in the process of formation in the Mid-Continent 
Section) 
Unfired Pressure Vessels 
Diesel Engine Driven Reciprocating Pumping Stations 
Uniform Code of Economic Analysis of Different Types of Oil Pipe 
Line Pumping Stations 


Power Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


W. E. CaupweELu, Chairman J. M. BRENTLINGER 
E. H. Barry, Secretary A. E. GRUNERT 
W. A. CARTER J. C. Hopss 


Process Industries Division 
Organized, 1934 


EXECUTIVE COMMITTEE 


Victor Wicuum, Chairman C. E. HarRINGTON 
W. K. McArss, Vice-Chairman H. D. Munson 
T. R. Outve, Secretary J. H. SENGSTAKEN 


SUBCOMMITTEE CHAIRMEN 


Air Conditioning, ARNOLD WEISSELBERG 
Brewing, C. F. Kayan 
Ceramics, W. K. McAres 
Cottonseed Processing, W. R. 
Drying, C. W. THomas 
Food Processing, G. L. MonTGoMERY 
Pulp and Paper, H. D. FisHer 
Sanitation, Raiscu 
Sugar, F. M. Grsson 
Unit Operation Costs, H. J. Masson 


HEAT TRANSFER COMMITTEE 


J. H. SENGSTAKEN, Chairman F. H. Eperue 
R. E. Brrca H. C. Horre. 
T. H. C. E. Lucke 


M.S. Van Dusen 


Railroad Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


G. W. Rink, Chairman 
W. H. WinTERROWD, Ist Vice-Chairman 
C. T. Rieter, 2nd Vice-Chairman 
E. C. Scumint, 3rd Vice-Chairman 
L. H. Fry, 4th Vice-Chairman 
M. B. Ricwarpson, Secretary 


GENERAL COMMITTEE (RR2) 


G. W. Rink, Chairman W. H. Cieae (1938) 

A. I. Livetz (1936) G. A. Youne (1938) 
Apo.r (1936) Harvey Bottwoop (1939) 
SUMNER (1936) F. E. Russgxu (1939) 

T. C. McBripg (1937) R. W. Sauisspury (1939) 
P. C. Moraugs (1937) O. C. CROMWELL (1940) 
K. F. Nystrom (1937) J. R. Jackson (1940) 

W. G. Brack (1938) W. E. Dunwam (1940) 


PAST-CHAIRMEN (RR3) 


E. B. Kattre* (1920-1922) A. F. Stpusine (1930) 
JAMES PARTINGTON (1923-1924) E.iot SuMNER (1931) 
C. E. CaamBers (1925) T. C. McBripg (1932) 
H. B. Oatiey (1926-1927) L. K. (1933) 
Wa. (1928) C. B. Peck (1934) 

R. S. (1929) C. E. Barsa (1935) 


CHICAGO GROUP (RR4) 


W. O. Moony, Chairman 
E. L. Woopwarp, Secretary 
Water DUNHAM 


Peter PARKE 
C. T. Rietey 
W. H. WINTERROWD 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 


W. H. WINTERROWD, Chairman 
A. I. Liprerz 


F. E. Russe.u 
R. W. SALisBuRY 
L. K. S1tucox 


COMMITTEE ON SURVEY (RR6) 


A. Gresi-GiesLINGEeN, Chairman (Locomotive and Foreign Develop- 
ments) 
W. H. Cieee (Canadian and Automotive Equipment) 
K. F. Nystrom (Cars) 


COMMITTEE ON TECHNICAL CONTACTS (RR7) 


E. C. Scumipt, Chairman 
O. C. CROMWELL 


F. G. GrimsHaw 
J. R. Jackson 
C. T. Riptey 


COMMITTEE ON PROFESSIONAL SERVICE (RR8) 


H. B. Oatiey, Chairman (Professional Survey) 
L. K. (Membership) 
S. W. DupLey 


E. G. Youne 
M. B. 


G. A. Youne 


COMMITTEE ON RESEARCH (RR9) 


A. F. Stgusine, Chairman 
W. G. DickERMAN 


L. H. Fry 

C. B. 

L. W. WaLLace 
W. H. WinTERROWD 


* Deceased. 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Textile Division Wood Industries Division 


Organized, 1921 Organized, 1921 


EXECUTIVE COMMITTEE EXECUTIVE COMMITTEE 
c H. RAMSEY, Chairman WENDELL Brown H. B. CARPENTER, Chairman A. W. KEUFFEL 
M. A. Gourick, Secretary H. D. Learnep L. M. Nicnots, Secretary R. H. McCartuy 
A. W. BEenolr ALBERT PALMER G. R. Perrie 
Associates Associates 
H. M. Burke J.J. McEtroy ©, L. Bascock A. S. KurkJIAn P. T. Norton, Jr. 
W. L. Conrap Paut MERRIAM H. BILHUBER Sern Mapsen T. D. Perry 
R. DeVere Hore STALL F. P. CARTWRIGHT J. H. MANSFIELD A. D. Smrru, Jr. 
J. S. MaTHEwson 
SAWS AND KNIVES COMMITTEE 
C. L. Bascock, Chairman G. E. Frencu, Secretary 


Student Branches 


(Personnel of Standing Committee on Relations With Colleges, page 6. Communicate with Student Branch through Honorary Chairman) 


Year 

Name and Location Authorized Chairman Secretary Honorary Chairman 
Akron, Univ. of, Akron, Ohio 1924 A. G. WALKER G. H. Orr F. 8S. Grirrin 
Alabama, Polytechnic Inst., Auburn, Ala. 1920 R. W. STEELE R. T. DopGe C. R. H1xon 
Alabama, Univ. of, University, Ala. 1931 K. R. Dante. R. R. Fay.es J. M. GALLALEE 
Arkansas, Univ. of, Fayetteville, Ark. 1910 W. J. James R. B. MitrcHetu A. G. Hotmsgs, Jr. 
Armour Inst. of Technology, Chicago, IIl. 1909 A. M. Lange W. G. RuNDELL DaNnIgEL Roescu 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 

(Day) 1909 F. D. MosHer H. C. ScANLON J. A. LAMBERTINE 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 

(Evening) H. G. Buckey, Jr. J. C. Huiskine J. A. LAMBERTINE 
Brown Univ., Providence, R. I. 1923 I. W. Love. R. W. Pearce J. A. Haun 
Bucknell Univ., Lewisburg, Pa. 1916 C. F. Korrcamp E. K. DoMLEesky F. E. Burpee 
California Inst. of Technology, Pasadena, Calif. 1914 E. M. Getzman M. E. DovuGiass W. H. Ciape 
California, Univ. of, Berkeley, Calif.! 1912 Vicror SKoGLUND F. W. Woopwarp B. F. RaBER 
Carnegie Inst. of Technology, Pittsburgh, Pa. 1913. W. F. AppLecaTEe E. F. CuLLEN S. B. Ery 
Case School of Applied Science, Cleveland, Ohio 1913 R.H. Baker H. T. Monson E. S. AULT 
Catholic Univ. of America, Washington, D. C. 1922. Wiiit1am KERNAN Sam CarRrocio M. E. WescHLER 
Cincinnati, Univ. of, Cincinnati, Ohio 1909 J.S. ScHAEFER L. A. Moors C. A. JoERGER 
Clarkson College of Technology, Potsdam, N. Y. 1930 L. V. Hutcuins S. J. Tompkins J. H. Davis 
Clemson Agricultural College, Clemson College, 

S.C. 1921 S. T. Kine J. F. FLercHer B. E. Fernow 
Colorado State College of Agricultural & Me- 

chanical Arts, Fort Collins, Colo. 1914 Atvin WELTON Rosert MarsH J. J. Pinsky 
Colorado, Univ. of, Boulder, Colo. 1914 Rosert Burt CHARLES GRACE G. S. DosBins 
Columbia Univ., New York, N. Y. 1909 TEssIN CARL JENSEN G. B. Kare itz 
Cooper Union, New York, N. Y. 1920 Max YEsow1Tz Morris WELLING H. F. RomeMMELE 
Cornell Univ., Ithaca, N. Y. 1908 Davip AMSLER JaMES HIRSHFELD F. O. ELLENwoop 
Delaware, Univ. of, Newark, Del. 1929 Jos. Sruart, III J. W. Weis Leo BLUMBERG 
Detroit, Univ. of, Detroit, Mich. 1930 D. F. Kramer R. F. WALKER H. E. Mayrose 
Drexel Inst., Philadelphia, Pa.* 1920 J. A. Smita J. T. BARRON J. H. Bruurnes 
Duke Univ., Durham, N. ©. 1935 J. A. TRAINER, JR. W. W. Turner, Jr. R. S. WILBUR 
Florida, Univ. of, Gainesville, Fla. 1926 H. H. Epwarps G. E. Remp B. R. Van LEER 
George Washington Univ., Washington, D. C. 1924 C. O. HorrMan C. J. Mikuszewski B. C. CRUICKSHANKS 
Georgia School of Technology, Atlanta, Ga.* 1915 L. D. Montacuse J. K. RANKIN R. A. Trorrer 
Idaho, Univ. of, Moscow, Idaho 1925 Watiace Brown E. N. MENEELY H. F. Gauss 
Illinois, Univ. of, Urbana, IIl. 1909 D. K. Harris Pau. GALLAGHER C. H. CasBerG 
Iowa State College, Ames, Iowa 1919 CLayTon CooPER Rop VanScoy Harry Daascu 
Iowa, State Univ. of, lowa City, Iowa 1913 E. C. Jerrrey Rex Sayre R. M. BarnEs 
Johns Hopkins Univ., Baltimore, Md. 1917 J. B. Buttock L. R. HartMAn A. G. CHRISTIE 
Kansas State College, Manhattan, Kan. 1914 F. P. Brown J. E. Moors A. J. Mack 
Kansas, Univ. ef, Lawrence, Kan. 1909 L. W. Benz Joun Grist A. H. Stuss 
Kentucky, Univ. of, Lexington, Ky. 1911 C. E. ArcHER W. E. Burier C. C. Jetr 
Lafayette College, Easton, Pa. 1919 E. M. Pootse P. R. TRuMPLER C. M. Merrick III 
Lehigh Univ., Bethlehem, Pa. 1911 P. H. OnmER E. P. Cooper B. H. JENNINGS 
Lewis Inst., Chicago, III. 1933. HAMILTON (Miss) LuverNE Otson’ J. 8S. Kozacka 
Louisiana State Univ., Baton Rouge, La. 1916 O. H. OLsEn C. E. Daviger HAMILTON JOHNSON 
Louisville, Univ. of, Louisville, Ky. 1928 K. W. Scorr J. K. Meyer R. S. Trosrer 
Lowell Textile Inst., Lowell, Mass. 1921 R. A. HopeMan B. A. Houeate H. J. 
Maine, Univ. of, Orono, Maine 1910 H. P. Lirtte R. D. Hutcuins I. H. PraGeMan 
Marquette Univ., Milwaukee, Wis. 1923 R. E. Hawn L. E. Jones J. E. ScHorn 
Massachusetts Inst. of Technology, Cambridge, 

Mass. 1909 J. F. PATTERSON P. L. Oper James 


1 Corresponding Secretary, DARREL Harris. 
2 Recording Secretary, P. T. BAROoNI. 
3 Corresponding Secretary, F. C. Pate. 
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Student Branches (continued) 


Year 
Name and Location Authorized Chairman 
Michigan College of Mining and Technology, 

Houghton, Mich. 1930 ALEXANDER GARSKI 
Michigan State College, East Lansing, Mich. 1917 F. W. BrunpDaGEe 
Michigan, Univ. of, Ann Arbor, Mich. 1914 D. E. WirHeRAGE 
Minnesota, Univ. of, Minneapolis, Minn. 1913. W. A. STonE 
Mississippi State College, State College, Miss. 1926 E. H. BourquarpD 
Missouri School of Mines and Metallurgy, Rolla, 

Mo. 1930 J. C. Turk 
Missouri, Univ. of, Columbia, Mo. 1909 F. W. Minor 
Montana State College, Bozeman, Mont. 1920 Joun SYMONDS 
Nebraska, Univ. of, Lincoln, Neb. 1909 R. A. Doust 
Nevada, Univ. of, Reno, Nev. 1923. J. N. Teprorp, Jr. 
Newark College of Engineering, Newark, N. J. 1924 J. A. BABEOR 
New Hampshire, Univ. of, Durham, N. H. 1926 W. H. SANBORN 
New Mexico, Univ. of, Albuquerque, N. Mex. 1935 <A. C. Frank 
New York, College of the City of, New York, 

1922 LAWRENCB GOLDREYER 
New York Univ., New York, N. 1917 Foopy 
New York Univ., Evening Division, New York, 

1933. Henry Koster 
North Carolina State College, Raleigh, N. C. 1920 R.S. Tatton 
North Carolina, Univ. of, Chapel Hill, N. C. 1929 R. A. MILLER 
North Dakota Agricultural College, Fargo, N. D. 1929 RaucH 
North Dakota, Univ. of, Grand Forks, N. D. 1923 J. H. REINERTSON 
Northeastern Univ., Boston, Mass. 1922 Frank Ap.ey (Div. A) 

H. E. Taytor (Div. B) 
Northwestern Univ., Evanston, IIl. 1935 Lynam 
Notre Dame, Univ. of, Notre Dame, Ind. 1929 L. F. CrysTaL 
Ohio Northern Univ., Ada, Ohio 1922 C. H. Stmmons 
Ohio State Univ., Columbus, Ohio 1911 J. E. Finneran, Jr. 
Oklahoma A. & M. College, Stillwater, Okla. 1921 Leresper DesCHAMpPs 
Oklahoma, Univ. of, Norman, Okla. 1917 James MILLs 
Oregon State Agricultural College, Corvallis, - 

Ore. 1909 Perry Pratr 
Pennsylvania State College, State College, Pa. 1909 E. M. VanLEER 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 H. H. Seaprook, Jr. 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 J. E. Currie 
Pratt Inst., Brooklyn, N. Y. 1923 F. W. JoHn 
Princeton Univ., Princeton, N. J. 1926 M.H. Dean 
Puerto Rico, Univ. of, Mayaguez, P. R. 1923 GrLBeRTO Bas 
Purdue Univ., Lafayette, Ind. 1909 C. D. SHreLps 
Rensselaer Polytechnic Inst., Troy, N. Y. 1910 W. W. MAnvILLe 
Rhode Island State College, Kingston, R. I. 1930 K. M. Dar.ine 
Rice Inst., Houston, Tex. 1925 C. J. Brooks, Jr. 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 CHARLES MACDONALD 
Rutgers Univ., New Brunswick, N. J. 1920 S. Rep 
Santa Clara, Univ. of, Santa Clara, Calif. 1925 W. J. Apams, JR. 
South Dakota State College, Brookings, S. D. 1935 D. E. Bowes 
Southern California, Univ. of, Los Angeles, Calif. 1929 E. K. Sprincer 
Southern Methodist Univ., Dallas, Tex. 1933. Norwoop BLANKENSHIP 
Stanford Univ., Stanford University, Calif. 1909 R.S. Niccouis 
Stevens Inst. of Technology, Hoboken, N. J. 1908 Wurti1aAM HENSELER 
Swarthmore College, Swarthmore, Pa. 1921 E. H. Roserts 
Syracuse Univ., Syracuse, N. Y. 1912 R. D. MarcHANT 
Tennessee, Univ. of, Knoxville, Tenn. 1923 L. B. ALLEN 
Texas, A. & M. College of, College Station, Tex. 1921 H.M. Lone 
Texas Technological College, Lubbock, Tex. 1930 Ross Watson 
Texas, Univ. of, Austin, Tex. 1921 Donatp KERR 
Toronto, Univ. of, Toronto, Ont., Can. 1933. R. B. McIntTyRE 
Tufts College, Tufts College, Mass. 1917 E. L. Morrison 
Tulane Univ. of Louisiana, New Orleans, La. 1933. W.S. NELSON 
Utah, Univ. of, Salt Lake City, Utah 1923 E. B. MANSFIELD 
U. 8S. Naval Academy, Post Graduate School, 

Annapolis, Md. 1925 
Vanderbilt Univ., Nashville, Tenn. 1928 J.S. Cave 
Vermont, Univ. of, Burlington, Vt. 1922 Evucpne MERCHANT 
Villanova College, Villanova, Pa. 1925 P. D. DonaHusE 
Virginia Polytechnic Inst., Blacksburg, Va. 1915 B. W. BisHop 
Virginia, Univ. of, University, Va. 1923 R. C. Carrick 
Washington, State College of, Pullman, Wash. . 1930 Wiututam BrRaTTaNn 
Washington Univ., St. Louis, Mo. 1911 L. P. Schwartz 
Washington, Univ. of, Seattle, Wash. 1917 Russe.t ASHLEMAN 
West Virginia Univ., Morgantown, W. Va. 1922 H.C. Sxaaas, Jr. 
Wisconsin, Univ. of, Madison, Wis. 1909 R. T. Sauvg 
Worcester Polytechnic Inst., Worcester, Mass. 1914 J. R. Branp 
Wyoming, Univ. of, Laramie, Wyo. 1925 E. M. MessersMITH 
Yale Univ., New Haven, Conn. 1910 Rurus Wesson 


Aeronautic Division, RoperT Leur, Chairman, R. 8S. Buck, Secretary, F. K. TetcHMann, Faculty Adviser. 


Secretary 


VINCENT PETERSON 
GerorGe PETERS 
R. S. Youne 

L. L. 

R. M. SHort 


L. W. Meyer 

J. F. Jonss 

Logan 

F. J. MALLON 
CHARLES ALLEN 

J. T. BatLey 

R. W. Rossins 
ALLEN WHITESIDES 


D. T. HENKEN 


B. A. RagtscH 

W. D. Goap 

T. W. Witson 
Rosert Pierce 

S. ABBoTT 

F. H. Maazs (Div. A) 


A. N. MELVILLE (Div. B) 


R. H. WELLMAN 
E. F. FrRarey 
W. J. Buazen 
W. L. 
O. L. Morrisett 
Jarvis 


ALBERT ROSENBERG 
D. R. CREVELING 
T. pEJony 
FRANCIS SHAPIRO 
R. T. HaGGerty 
A. R. JoHNSTON 
GInEs FLAQUE 
R. K. Wetpy 

J. B. NoLan 

K. E. Wricut 

R. R. 
Jim Hurrorp 

F. Witt1e 
ALFonsO CASTRO 
H. V. Graves 

A. I. Meyer 


R. R. LONGNECKER 


T. W. MacomBer 
WaRREN GROOME 
J. N. Beck 
Rarri DABANUFF 
C. K. Norris 

T. A. 
Paut CoNEWAY 
Horace ADRIAN 
J. H. Govan 

D. W. SBAVEY 
Goprrey CoaTE 
D. R. WILpE 


FRANK PITTMAN 
W. C. 
M. B. Warp 

C. D. RicHarps 
H. B. 


J. H. STANEK 
W. C. 
R. K. 


Honorary Chairman 


H. 


w. 


O. 
J. 
O. 


OPP PQ 


QZ 


0 


ou 


A 


W. RIsTeEEN 

E. REevuLIne 
W. Boston 

J. RYan 

D. M. Varnapo 


. O. JACKSON 
. WHARTON 
. HoMANN 
. LUEBS 
. SIBLEY 
. Rice 

. UlckER 

. FARRIS 


AUTENRIETH 
. COONRADT 


2 OO 


. COONRADT 

. VAUGHAN 

N CARMICHAEL 
. DoLvE 

DABLUND 


. PHILBRICK 
>. WILcox 

. NEEDY 
. Marquis 
. YOUNG 

. Beck 


HUS 
. ALLEN 
. Coo@an, Jr. 
_ Tracy, JR. 

. HUNTER 

. Moopy 

. Grn 

. Lupy 

. FESSENDEN 
. BILLMEYER 
. Pounp 
L WISCHMEYER 
P. BAILEY 


Bo. L. SULLIVAN 


3 


. T. Eyre 

. R. SLAYMAKER 

. J. Mugs, Assistant 
. C. Finca 

. H. Fezanpig 


. 

. Boynton 

Ls SussDORFF 

. MorEHOUSE 
F. GROSECLOSE 
T. Morse 

B. PaRKER 

H. Sacer 

H. G. Epmonps 
D. Hargs 

P. CoLBERT 
W. Dows 

S. Sink 


Smita Jr. S. W. 
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. ZELLER (Divs. A and B) 


= 
| 
THOM 
Hart 
WILKINSON 
FAaIRES 
BEGEMAN 
. 
LEAVITT 
MAYER 
| HOGAN 
1 
J. M. Erwin = 
W. A. TooHER 
L. D. Curtis 
G. L. Husss = 


Local Sections 


(Personnel of Standing Committee, p. 5) 


Midwest Office 


Room 1617, 205 West Wacker Drive, Chicago, Ill. 


Mid-Continent Office 


J. Harotp Apkison, Mid-Continent Petroleum Secretary, 
213 Mideo Bldg., Tulsa, Okla. 


Regional Group Delegates to Annual Conferences 


Terms expire October, 1936 


Joun P. Ferris, Group IV 
SaBin Crocker, Group V J. N. Lanpis, Group II 

S. R. Dows, Group VII E. L. McDonatp, Group VI 
B. F. Rocrrs, Group III 


Z. R. Buss, Group I 


Terms erptre October, 1937 


W. L. Epet, Speaker, Group I 
S. B. Earue, Alternate Speaker, Group 1V 
S. R. Beiter, Secretary, Group V 


R. M. Barnes, Group VI R. 8S. Brescxa, Group III 
THEODORE BAUMEISTER, JR., Group II Davin R. Bray, Group VII 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, Medina, Summit, 
Portage, Wayne, Stark, Holmes, Tuscarawas, Carroll, and 
Coshocton in Ohio 

Number of Members: 103 


EXECUTIVE COMMITTEE 
W. P. Cox 


H. E. WaniEr, Chairman 
H. Haun, Vice-Chairman E. C. Hvuce 
H. A. TrIsHMAN, Secretary-Treasurer B. W. LEMLEY 


E. F. Maas 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reorganized, 1928, as Anthra- 
cite-Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Alientown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 179 


EXECUTIVE COMMITTEE 


F. K. FoGLeMan 

W. W. HaGerty 

C. H. McKnieutr 

C. M. Merrick 

J.T. Rea 

CHRISTIAN SCHILLINGER 
D. G. 


H. A. Chairman 

F. H. Decuant, Vice-Chairman 
M. C. Stuart, Vice-Chairman 
C. W. Bru, Secretary 

J. Prince, Treasurer 

D. BERLINGER 

A. B. CLEMENS 


ATLANTA 
Organized: 1913 
Territory: Radius of sixty miles from Atlanta, Ga. 
Place of Meeting: Atlanta Athletic Club 
Luncheon meeting every Monday at 12:30 P.M. at Atlanta Athletic 
Club 
Number of Members: 73 


EXECUTIVE COMMITTEE 


T. E. 
S. C. Hate 
Larry MONTAGUE 


W. CLarRKE Wrok, Chairman 
GerorGE BrauNnGaRT, JR., Vice-Chairman 
R. M. Matson, Secretary-Treasurer 
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BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’ 
Club 

Number of Members: 147 


EXECUTIVE COMMITTEE 
O. CROMWELL 


N. B. 
J. E. Howarp 


W. KouwENHOVEN, Chairman 
K. P. Hanson, Secretary-Treasurer 
L. F. CorFrin 
A. L. PENNIMAN 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Birmingham, Ala. 

Place of Meeting: Auditorium of the Alabama Power Company 
Building 

Number of Members: 59 


EXECUTIVE COMMITTEE 
J. W. EsHELMAN, Chairman NEAL DuaGGer, Secretary-Treasurer 


T. J. CARPENTER, Vice-Chairman R.A. PotGuaze 
J. A. SIRNIT 


BOSTON 
Organized: 1909 
Territory: Radius of thirty miles from Boston, Mass. 
Place of Meeting: Rooms of the Engineering Societies of Boston 
Local Organization: Engineering Societies of Boston 
Number of Members: 533 


EXECUTIVE COMMITTEE 


W. Ryan, Chairman G. C. Eaton 
W. E. Farnuam, Vice-Chairman B. B. Focurr 
E. L. Root, Secretary-Treasurer G. F. Jenks 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 
Territory: Fairfield County, Conn. 
Place of Meeting: University Club 
Number of Members: 116 
EXECUTIVE COMMITTEE 
H. E. Chairman 
H. Patterson Harris, Vice-Chairman 
W. H. SniFFEN, Secretary 
C. N. HoaGuanp, Treasurer 


T. H. Bearp 
BRENZINGER 


ARTHUR BREWER 
W. R. CLARK 

A. H. Emery 

A. W. HaGan 

I. C. JENNINGS 
R. C. Moopy 


BUFFALO 
Organized: 1915 
Territory: Radius of thirty miles from Buffalo, N. Y. 
Place of Meeting: Hotel Statler 
Local Organization: Engineering Society of Buffalo 
Number of Members: 157 


EXECUTIVE COMMITTEE 


C. E. Harrineton, Treasurer 
J. A. 

C. KIPLINGER 

H. D. Munson 


J. L. Yates, Chairman 
PavuL DusosciarD, Vice-Chairman 
W. A. MILLER, Secretary 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty miies from State College, 
Pa. . 

Place of Meeting: Pennsylvania State College, State College, Pa. 

Number of Members: 71 


Executive ComMITTEE 


C. E, Secretary-Treasurer H. A. Everetr 


C.H. Kest 
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CHARLOTTE 
Organized: Asa Branch, 1923; as a Section, 1927 
Territory: Radius of sixty miles from Charlotte, N. C. 
Luncheon Meeting every Monday at 1:00 P.M. at Efirds Department 
Store 
Number of Members: 35 


EXECUTIVE COMMITTEE 
Asa Hosmer, Chairman V.E. Fuuver, Secretary-Treasurer 


W.E. McDoweLt, Vice-Chairman E. W. LAWRENCE 
W. E. Leroy 


CHATTANOOGA 
Organized: 1922 - 
Territory: Radius of sixty miles from Chattanooga, Tenn. 
Number of Members: 15 
EXECUTIVE COMMITTEE 


NEWELL Chairman  F. Warp Secretary-Treasurer 
H.H. Vice-Chairman T.C. Ervin 
M. P. Wai 


CHICAGO 
Organized: 1913 


Territory: Radius of fifty miles from Chicago, III. 
Headquarters: Midwest A.S.M.E. Office, 205 West Wacker Drive, 


Chicago, Ill. 

Luncheon Meeting every Tuesday at 12:15 P.M. at Chicago Engi- 
neers Club 

Local Organization: Western Society of Engineers 

Number of Members: 667 


EXECUTIVE COMMITTEE 


J. 8. Kozacka, Chairman L. A. CLousING 
ApoLPeH LANGSNER, Vice-Chairman C. T. Linx 

F. B. Orr, Secretary-Treasurer W. H. WINTERROWD 
R. D. BrizzoLcara E. L. Woopwarp 


CINCINNATI 
Organized: 1912 
Territory: Radius of thirty miles from Cincinnati, Ohio 
Place of Meeting: Engineers’ Club Rooms, Ninth & Race Sts. 
Local Organization: Engineers’ Club of Cincinnati 
Number of Members: 195 


EXECUTIVE COMMITTEE 


J. T. Fata, Chairman F. 8S. Dewey 
F. E. Vice-Chairman W. M. FIELMAN 
C. A. JoerGER, Secretary C. L. 

H. C. Urnuein, Treasurer R. 8. PARKER 
G. A. S 


J. W. BuNntTING . SEYLER 


CLEVELAND 

Organized: 1918 

Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and Ashta- 
bula in Ohio 

Place of Meeting: Statler Hotel 

Local Organization: Cleveland Engineering Society 

Luncheon Meeting every Wednesday at 12:30 P.M. at Hotel Statler 
Cafeteria 

Number of Members: 252 


EXECUTIVE COMMITTEE 


McRea Parker, Chairman C. A. DAUBER 
J. RowLanp Brown, Vice-Chairman H. M. Hammonp 
E. S. Auut, Secretary L. E. Jermy 
FERDINAND JEHLE, Treasurer AJ 

E. H. Wuirttock 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 

Local Organization: Colorado Engineering Council (Colorado 
Society of Engineers) 

Number of Members: 91 


Executive CoMMITTEE 


G. A. Chairman 
R. W. Morton, Secretary-Treasurer 
L. D. Crain 


ArRTHUR HALLIWBLL 
J. A. HUNTER = 
F. A. Lockwoop 

F. H. Provty 


COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, Licking, Madison, Frank- 
lin, Fayette, Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Institute and Ohio State 
University 

Local Organization: Engineers’ Club of Columbus 

Luncheon Meeting Third Friday of each month at 12:00 noon at 
Engineers’ Club, Columbus 

Number of Members: 79 wie 


EXECUTIVE COMMITTEE 


H. S. Dickerson, Chairman E. M. Sampson, Secretary-Treasurer 
R.A. SHermawn, Vice-Chairman F. W. Marquis 
JoHN YOUNGER 


DAYTON 


Organized: 1926 

Territory: (Counties of Drake, Miami, Champaign, Preble, Mont- 
gomery, Greene, and northern part of Butler and Warren in 
Ohio 

Place of Meeting: Engineers’ Club of Dayton 

Local Organization: Engineers’ Club of Dayton 

Number of Members: 73 


EXECUTIVE COMMITTEE 


R. W. Martin, Chairman G. P. CastRaGuHi 

x. A. Buvincer, Vice-Chairman L. E. Hutser 
J. J. Heary, Secretary W. F. A. IRELAND 
B. E. Tate, Jr., Treasurer C. W. Riese 


DETROIT 
Organized: 1916 
Territory: Radius of thirty miles from Detroit, Mich. 
Place of Meeting: Place varies 


Local Organization: Associated Technical Societies of Detroit 
Number of Members: 379 


EXECUTIVE COMMITTEE 


SaBin Crocker, Chairman C. L. EKserGIan 
L. T. Knocke, Secretary-Treasurer L. N. Fretp 
RoBertT ATKINSON F. J. LINSENMEYER 
A. P. BEUTEL H. W. MILLer 

B. W. Beyer, Jr. L. J. ScHRENK 


ERIE 
Organized: 1917 
Territory: Radius of thirty miles from Erie, Pa. 


Place of Meeting: Auditorium of Pennsylvania Telephone Company > : 
Number of Members: 53 “ 


EXECUTIVE COMMITTEE 


A. J. Woopwarp, Chairman George 
G. Brewer, Vice-Chairman H. E. Goetz 
W. J. BRENNER, Secretary W. L. Hunter 


Frank Dersy, Treasurer HerRMAN MUELLER 


M. E. 


FLORIDA 
Organized: 1925 
Territory: State of Florida 
Place of Meeting: Place varies 
Local Organization: Florida Engineering Society, Gainesville, Fla. 
Number of Members: 71 


EXEcuTIVE CoMMITTEE 


Burpetr Loomis, Jr., Chairman C. M. Lowry 
RoBeErT PeyincuHaus, Vice-Chairman H. J. B. ScH#aRNBERG 
CHARLES BEENSEN, 2nd Vice-Chairman G. H. Sirs 

B. R. Van Leer, Secretary-Treasurer A. J. Strone 

G. W. CAMPBELL J. P. WarRREN 
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GREEN MOUNTAIN 


1923 
Territory: Entire State of Vermont and neighboring and closely 
related communities of Claremont and Hanover, N. H. 


Organized: 


Place of Meeting: Springfield, Windsor, Vt., and Claremont, N. H. 
Local Organization: Vermont Engineering Society 
Number of Members: 39 


EXECUTIVE COMMITTEE 


J. B. Jonnson, Chairman C. J. DEWELL 
MERTON Arms, Secretary-Treasurer H. R. Finn 

C. H. Apams R. H. Hacke. 
O. F. ANDERSON F. A. Joy 

C. S. Beacu H. J. Lockwoop 
F. E. CHEEVER E. L. SusspoRFF 


GREENVILLE 


Organized: Asa Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Greenville, S. C. 

Place of Meeting: Meetings held at Greenville, Clemson College, 
S. C., Canton, Asheville, and Enka, N. C. 

Number of Members: 43 


EXECUTIVE ComMMITTEE 


S. B. Chairman W. R. CrutTe 
C. G. Kuopp, Vice-Chairman H. D. LEARNARD 
J. B. Mayo, Secretary-Treasurer R. S. Pruitr 
C. D. BLACKWELDER E. R. Stati 

F. A. WAYANT 

HARTFORD 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Hartford County except that portion served by Meriden 
and New Britain Sections 

Place of Meeting: Connecticut State Trade School 

Number of Members: 110 


EXECUTIVE COMMITTEE 


H. B. Van Zeit, Chairman Epwarps R. Fisu 

E. P. Herrick, Vice-Chairman R. D. KELLER 

G. R. Truepsson, Secretary-Treasurer S. Jay TELLER 
HOUSTON 

Organized: 1919 

Territory: South Texas and the northern part of the State not 


included in the North Texas Section territory 
Place of Meeting: Electric Bldg., Houston, Tex. 
Number of Members: 104 


EXECUTIVE COMMITTEE 


J. M. Rosertson, Chairman E. A. Bynum, JR. 

W. B. Preston, Vice-Chairman C. W. CRAWFORD 

J. E. Montcomery, Secretary-Treasurer J. H. DuBENDorF* 

D. D. ALTON C. J. Eckuarpt, Jr. 

A. H. Burr F. D. Raum 
INDIANAPOLIS 

Organized: 1916 


Territory: Radius of eighty miles from Indianapolis, within Indiana 
Place of Meeting: Place varies 

Local Organization: Indiana Engineering Society 

Number of Members: 102 


EXECUTIVE COMMITTEE 


J. H. Macuire, Chairman J.C. SIEGESMUND, Secretary-Treasurer 
H. B. Marsn, Vice-Chairman H. D. Hartiey 
F. C. HockeMa 


INLAND EMPIRE 

Organized: 1921 

Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and portion of Northern 
Idaho 

Place of Meeting: Davenport Hotel, Spokane 

Luncheon Meetings every Wednesday at 12:00 noon, Davenport 
Hotel, Spokane 

Local Organization: Associated Engineers of Spokane 

Number of Members: 27 


* Deceased January, 1936. 
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EXECUTIVE COMMITTEE 


C. I. CARPENTER, Secretary-Treasurer 


D. R. Gray, Chairman 
H. Lanapon, Vice-Chairman L. J. Pospistn 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from Kansas City, Mo. 
Place of Meeting: Hotel President 

Local Organization: Engineers’ Club of Kansas City 
Number of Members: 112 


EXECUTIVE COMMITTEE 


L. W. BRownB 
LyNN HELANDER 
F. J. HouzBaur 
E. L. McDona.p 


G. C. Scuaap, Chairman 
H. A. Smiru, Vice-Chairman 
W. L. Matuews, Secretary 
W. B. Treasurer 
J. F. PrircHarp 


KNOXVILLE 


Organized: 1923 

Territory: All the counties east of the west boundaries of the 
following, Morgan, Roane, Loudon, McMinn, Scott, and Polk, 
Tenn., and Beli County, Ky. 

Place of Meeting: Andrew Johnson Hotel. 

Local Organization: Knoxville Technical Club 

Number of Members: 57 


EXECUTIVE COMMITTEE 


J. P. Ferris, Chairman Jas. Evuis 
E. L. CARPENTER, Vice-Chairman J. L. Frankum 
F. L. WiLkrnson, Jr., Secretary-Treasurer E. W. PALMER 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of following counties 
Monterey, Kings, Tulares, and Inyo, Calif. 

Place of Meeting: Place varies 

Local Organization: Technical Societies of Los Angeles 

Luncheon Meeting every Thursday at 12:00 noon at Engineers’ Club 

Number of Members: 342 


EXECUTIVE COMMITTEE 


R. McC. BEANFIELD, Chairman 
W. Roy SHETTEL, Vice-Chairman 
S. M. Duwn, Secretary-Treasurer 
D. P. Vam 


H. L. EGGueston 
J. Roy HorrmMan 
J. H. Leeps 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from Louisville, Ky. 

Place of Meeting: Engineers’ and Architects Club of Louisville 
Local Organization: Engineers’ and Architects Club 

Number of Members: 32 


EXECUTIVE COMMITTEE 


J. H. Romann, Chairman 
L. 8S. Vance, Vice-Chairman 
H. H. Fenwick, Secretary-Treasurer 


B. M. BrigMan 
G. W. Husuey 
JoHn Hurst 


MEMPHIS 


Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn. 
Number of Members: 23 


EXECUTIVE COMMITTEE 


L. H. Huneate, Jr., Chairman T. H. ALLEN 
R. V. Downs, Vice-Chairman M. W. Rice 
J. J. Ryan, Secretary-Treasurer W. H. Roserts 


J. S. RoBinson 


MERIDEN 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Meriden, Middletown, Southington, Portland, Plants- 
ville, and Wallingford, Conn. 

Place of Meeting: State Trade School Auditorium 

Number of Members: 16 


“ 
3 
4 
4 
: 
ig 
4 
bet 
ae 


EXECUTIVE COMMITTEE 


J. A. HutcHINsoN 
L. B. Marcy 

E. A. RoBINson 
Puitip TRIPOLI 


C. A. Newton, Chairman 
R. W. Stetson, Secretary-Treasurer 
E. L. BARKER 
H. C. CasHEN 
J. C. Tucker 


METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New York and New Jersey 
Place of Meeting: Engineering Societies Building, New York, N. Y. 
Number of Members: 3477 


EXEcUTIVE COMMITTEE 


J. N. Lanpis, Chairman V. M. Frost 

R. B. Purpy, Secretary W. C. Guass 

W. H. Armacost, Treasurer C. A. HescHELES 

THEODORE BAUMBISTER, JR. JoHN HoFrrHIne 
T. E. Keatine 


MID-CONTINENT 

Organized: 1919 

Territory: Entire States of Oklahoma and Arkansas, and a part 
of Louisiana. In Texas north of the southern boundaries of 
the counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 213 Midco Building, Tulsa, Okla. 

Number of Members: 124 


EXECUTIVE COMMITTEE 


L. C. Price, Vice-Chairman 
A. J. Mack, Vice-Chairman W. H. Sturve, Vice-Chairman 
H. W. Manuey, Vice-Chairman J. F. Eaton, Secretary 

Berny OAKLAND, Vice-Chairman R.G. Ayprs, Treasurer 


A. J. Kerr, Chairman 


MILWAUKEE 


Organized: 1904 
Territory: Radius of fifty miles from Milwaukee, Wis. 
Place of Meeting: Milwaukee Athletic Club 

Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 200 


EXECUTIVE COMMITTEE 


W. D. Buss, Chairman 
A. H. Lugepicks, Secretary-Treasurer 
C. A. CAHILL 


Hans DAHLSTRAND 
F. H. DorNER 
ARTHUR SIMON 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 1913; merged the two 
Sections, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union 

Local Organization: Minneapolis Engineers’ Club, Minnesota 
Federation of Architectural and Engineering Societies 

Number of Members: 94 


EXECUTIVE COMMITTEE 


MELVIN OvestrRup, Chairman L. A. Coss 
H. O. Wasupurn, Vice-Chairman G. F. Enpicotr 
C. A. Koepke, Secretary-Treasurer P. J. FRAWLEY 


NEBRASKA 
Organized: 1922 
Territory: State of Nebraska, and Council Bluffs, Iowa 
Place of Meeting: Lincoln and Omaha 
Local Organization: Engineers’ Club of Lincoln and Omaha 
Number of Members: 36 


EXECUTIVE COMMITTEE 


W. L. DeBaurre, Chairman 
C. F. Mouuton, Vice-Chairman 
A. A. Lugss, Secretary-Treasurer 
W. L. Waite 


A. E. BuNTING 
R. J. PROHASKA 
L. J. Rur 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 
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Territory: New Britain, Plainville, Forestville, Bristol, Kensington, 
and Berlin, Conn. 

Place of Meeting: Auditorium of the State Trade School 

Number of Members: 39 


EXxEcuTIVE COMMITTEB 


R. A. Grisg, Chairman C. W. Lunp 

P. W. Bausr, Vice-Chairman H. L. SpPAUNBURG 
N. F. Hserpe, Secretary-Treasurer C. C. STEvENS 
B. 8. Lewis W. C. 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven and Middlesex Counties, Conn. 
Place of Meeting: Mason Laboratory, Yale University 

Number of Members: 85 


EXEcuTIVE CoMMITTEE 


G. E. Hutse, Chairman P. H. ENGuIsH 
M. J. Rapgeckt, Secretary-Treasurer F. W. Keator 
A. F. BREITENSTEIN R. A. Norta 


H. R. Pouieys 


NEW ORLEANS 
Organized: 1916 
Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 
Place of Meeting: Room 422, St. Charles Hotel 
Local Organization: Louisiana Engineering Society 
Number of Members: 89 


EXECUTIVE COMMITTEE 


J. S. NetHERwoop, Chairman A.C 
C. A. Jr., Secretary-Treasurer G. R. Hammetr 
R. F. 


NORTH TEXAS 
Organized: 1922 
Territory: Radius of one hundred and twenty-five miles from Dallas, 
in Texas 
Place of Meeting: University Club, Dallas, Texas 
Local Organization: Technical Club of Dallas 
Number of Members: 64 


EXECUTIVE COMMITTEE 


W. B. GreGory 
Henry Rosinson 
E. F. Scumipt 


E. W. BurBank, Chairman 
R. R. Crownws, Secretary-Treasurer 
P. M. 


NORWICH 
Organized: 1930 
Territory: Counties of Tolland, Windham, and New London in 
Connecticut, and Westerly District in Rhode Island 
Place of Meeting: Arcanum Club, 150 Main St., Norwich 
Number of Members: 29 


EXECUTIVE COMMITTEE 


W. L. Even, Chairman 
W. E. Breaney, Secretary-Treasurer 
C. E. BARBER 


Ronautp McINtTYyRE 
C. W. 
Rane 

L. E. 


ONTARIO 
Organized: 1917 
Territory: Province of Ontario, Canada 
Place of Meeting: Mining Building, University of Toronto 
Number of Members: 104 


EXECUTIVE COMMITTEE 


W. S. Bau, Chairman S. G. CLARKE 

F. G. East, Secretary-Treasurer F. H. — 

E. A. ALLCUT O. W. 

W. T. BricKENDEN S. L. Fear 

C. H. McL. Burns W. G. McIntTosH 
C. C. Cariss W. A. RicHarps 


P. G. WELForRD 
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OREGON 
Organized: 1919 
Territory: State of Oregon and that territory in Washington within 
a radius of thirty miles from Portland, Ore. 
Place of Meeting: University Club, Portland, Ore. 
Local Organization: Oregon Society of Engineers 
Number of Members: 48 


EXECUTIVE COMMITTEE 


J. C. Ornus, Chairman R. T. Dunuap 
E. C. Secretary-Treasurer P. L. Hesiop 
S. M. Lister 
PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 
Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

Local Organization: Engineers’ Club of Grand Rapids 

Number of Members: 46 


EXECUTIVE COMMITTEE 


R. E. Kutse, Secretary 
Le Roy L. BEenepict 


. Norris, Chairman 
. CorNELIvs, Vice-Chairman 
A. KuRKJIAN 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ Club 

Local Organization: Philadelphia Engineers’ Club 

Number of Members: 848 


EXECUTIVE COMMITTEE 


W. F. OBERHUBER, Chairman G. E. Croroor 
J. P. HarBeEson, Jr., Vice-Chairman E. L. Hoprine 
COLEMAN SELLERS, 3p, Secretary-Treasurer C. C. JonEs 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 
Venango, Forest, Jefferson, Indiana, Somerset, Fayette, Greene, 
and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 385 


EXECUTIVE COMMITTEE 


W. N. FLanaGan, Chairman G. P. Euuis 
K. F. Trescuow, Secretary-Treasurer H. E. Hatter 
H. C. CLavusEn R. J. 8. Piacorr 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included between Elizabeth, 
Bound Brook, Metuchen, and Watchung, N. J. 

Place of Meeting: Elks Club, Elizabeth, and Park Hotel, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineering 
Society 

Number of Members: 203 


EXECUTIVE COMMITTEE 


RicHarp Chairman J. P. Treasurer 
W. B. Uppecrarr, Vice-Chairman R. S. BrREscKa 
D. V. Waters, Secretary D. H. CHason 
H. I. Lewis 
PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R. I. 

Place of Meeting: Providence Engineering Society Building, 195 
Angell St., Providence, R. I. 

Local Organization: Providence Engineering Society 

Number of Members: 167 
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EXECUTIVE COMMITTEE 


Z. R. Buss, Chairman A. C. 

F. A. CHIFFELLE, Vice-Chairman J. D. Ropertson 

A. Meyer, Secretary S. A. VAULE 

F. S. BLacKALL, JR. L. E. WAGNER 
RALEIGH 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N. C. 

Place of Meeting: N. C. State College, Raleigh, N. C. 

Local Organization: N. C. Engineering Council, Raleigh Engineers 
Club 

Number of Members: 29 


EXECUTIVE COMMITTEE 
R. P. Kos, Chairman V. L. Kenyon, Jr. 
E. G. Hoerer, Vice-Chairman C. E. Kercuner 
L. L 


. VAUGHAN, Secretary-Treasurer H. H. Vance 
R. S. 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from Rochester, N. Y. 

Place of Meeting: Rochester Engineering Society Rooms, Sagamore 
Hotel 

Local Organization: Rochester Engineering Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 P.M. at Sagamore Hotel 

Number of Members: 97 


EXECUTIVE COMMITTEE 


W. D. SEELEY, Chairman Howarp Harpine 
K. B. Castie, Vice-Chairman M. D. LEE 
I. G. McCuesney, Secretary-Treasurer Cc. C. Ross 

O. V. SPRAGUE 


"ROCK RIVER VALLEY 
Organized: 1926 
Territory: Radius of thirty miles from Rockford, III. 


Local Organization: Rockford Engineering Society 
Number of Members: 50 


EXECUTIVE COMMITTEE 


H. Geppes, Chairman HerMan HuGie 
P. GRUTZNER A. M. JoHNsON 
W. P. SHEpp 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, 
Marshall, Fulton, Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 25 


EXECUTIVE COMMITTEE 


C. R. Apams, Chairman K. W. Knorr, Secretary-Treasurer 
C. C. Wiicox 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. Louis, Mo. 
Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. Louis 
Number of Members: 201 


EXECUTIVE COMMITTEE 


Davip Larkin, Chairman R. M. Boyes 
R. C. THumser, Vice-Chairman E. W. Davis 
E. H. Sacer, Secretary-Treasurer A. L 


SAN FRANCISCO 
Organized: 1910 
Territory: All territory north of the northern boundaries of the 
counties of San Luis Obispo, Kern, and San Bernardino 
Place of Meeting: Engineers’ Club, 206 Sansome St. 
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Luncheon Meetings every Thursday at 12:00 noon at the Engineers’ 
Club 

Local Organization: San Francisco Engineers’ Club 

Number of Members: 328 


EXECUTIVE COMMITTEE 


H. B. LANGILLE 
C. F. Lewis 
G. H. Raitt 


FRANK Couuins, Chairman 
R. L. GruTzMacHEer, Vice-Chairman 
K. B. ANDERSON, Secretary-Treasurer 
L. WASHINGTON 


SAVANNAH 
Organized: 1923 
Territory: Radius of 125 miles from Savannah in Georgia 
Place of Meeting: Savannah Hotel 
Local Organization: Engineers’ Council of Savannah Chamber of 


Commerce 
Number of Members: 16 


EXECUTIVE COMMITTEE 


D. E. Chairman 
B. J. Sams, Vice-Chairman 
T. R. Jongs, Secretary 


F. M. EXLey 
A. M. OrnmMonpb 
L. C. 


SCHENECTADY 
Organized: Asa Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N. Y. 
Place of Meeting: Edison Club Hall 
Number of Members: 151 


EXECUTIVE (OMMITTEE 


J. G. FAIRFIELD 
A. J. LARRECQ 
A. I. Lipetz 


A. J. Nerap, Chairman 
B. O. Secretary 
J. E. ANDERSON 
E. L. Rosinson 


SUSQUEHANNA 

Organized: 1927 

Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 
York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York and Engineers’ 
Society of Pennsylvania 

Number of Members: 72 


EXECUTIVE (‘OMMITTEE 


ALFRED JONES, Chairman E. D. CLARK 
C. G. A. Scumipt, Jr., Vice-Chairman A. BowMAN SNAVELY 
H. B. Martin, Secretary O. G. WHEAT 


SYRACUSE 
Organized: 1920 
Territory: Radius of thirty miles from Syracuse, N. Y. 
Place of Meeting: Ball Room of the Onondaga Hotel 
Local Organization: The Technology Club of Syracuse 
Number of Members: 90 


EXECUTIVE COMMITTEE 


S. T. Hart, Chairman D. V. SHETLAND, Assistant Secretary 
M. B. Moyer, Vice-Chairman D. W. Difrenporr 


E. W. ZIMMERMAN, Secretary- R. C. Paun 
Treasurer M. F. 
TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

Place of Meeting: University Club, Toledo, Ohio 

Local Organization: Affiliated Technical Societies of Toledo 
Number of Members: 46 


EXECUTIVE COMMITTEE 


H. W. Carter 
C. C. 
C. R. Pomeroy 


H. H. Kerr, Chairman 
R. M. Baten, Vice-Chairman 
C. W. Kirscn, Secretary-Treasurer 
C. B, ScHAFER 


TRI-CITIES 
Organized: 1920 
Territory: Radius of thirty miles from Moline, Ill. 
Place of Meeting: Rock Island, Ill., Moline, Ill., and Davenport, 
Iowa 
Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 Noon 
Number of Members: 67 


EXECUTIVE COMMITTEE 
R. M. Barnes, Chairman E.G 
J. H. Vice-Chairman J. M. Hartman 
C. A. Carison, Secretary-Treasurer Wak 


UTAH 
Organized: 1923 
Territory: State of Utah 
Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 30 


EXECUTIVE COMMITTEE 


W. J. Cops, Chairman A. C. Moore 

J. D. Roperts, Vice-Chairman E. W. Pace 

M. B. Hoean, Secretary-Treasurer W. H. Trask, Jr. 
UTICA 


Organized: 1920 

Territory: Radius of thirty miles from Utica, N. Y. 
Local Organization: Mohawk Valley Technical Club 
Number of Members: 12 


EXECUTIVE COMMITTEE 


Rex WITHERBEE, Secretary-Treasurer 
W. J. CLEMENT 


E. G. Munson, Chairman 


VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke, 
University, Petersburg 
Local Organization: Central Virginia Engineers Club 
Number of Members: 115 


EXECUTIVE COMMITTEE 


E. B. Norris, Chairman C.H 
A. F. Keane, Vice-Chairman J. B. 
J. B. Jongs, Secretary E. F. Kroner 
N. W. Conner, Treasurer E. W. 
F. F. Groseciose 
J. B. Woopwakrp, Jr. 


WASHINGTON, D. C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D. C. 

Number of Members: 184 


EXEcUTIVE COMMITTEE 


M. E. Wescuter, Chairman J. G. ADAIR 

M. X. WILBERDING, Vice-Chairman H. N. Eaton 

J. Fuutton Fox, Secretary-Treasurer W. B. ENnsINGER 
M. E. Porter 
WATERBURY 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion of New Haven County 

Place of Meeting: Waterbury Club 

Number of Members: 75 


EXECUTIVE COMMITTEE 


R. L. PALATINE, Chairman L. G. 
A. L. Davis, Vice-Chairman E. J. Daty, Sr. 
C. W. Rusu, Secretary-Treasurer 

R. C. Perry 


M. J. Dempsey 
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WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, Franklin, Hampden, and 
Hampshire 

Place of Meeting: Highland Hotel, Springfield, Mass. 

Local Organization: Engineering Society of Western Massachusetts 

Number of Members: 119 


EXECUTIVE COMMITTEE 


R. L. Boswortu, Chairman P. W: 
E. Lovett Smita, Vice-Chairman C. E. Maynarp 
L. G. Caruton, Secretary-Treasurer C.B 


WESTERN WASHINGTON 
Organized: 1919 
Territory: State of Washington. west of the Columbia River with 
the exception of the territory included in the thirty-mile radius 
of Portland, Ore. 
Place of Meeting: Engineers’ Club, Arctic Bldg., Seattle, Wash. 
Local Organization: Seattle Engineers’ Club 
Luncheon Meetings daily at noon at Engineers’ Club, Seattle, Wash. 
Number of Members: 79 


EXECUTIVE COMMITTEE 


E. O. Eastwoop, Chairman D. F. BartHOLET 

W. R. Grsson, Vice-Chairman F. B. Leg 

R. L. Dyer, Secretary-Treasurer R. E. WALTER 
G. 8S. Witson 


WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia 
Place of Meeting: Charleston, W. Va. 
Number of Members: 69 


EXECUTIVE COMMITTEE 


E. L. Hupson, Chairman P. E. Bicony, Acting Secretary 
J. F. Mauuoy, Secretary-Treasurer C. E. 
ANDREW 


WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from Worcester, Mass. 

Place of Meeting: Rooms of the Worcester Engineering Society 
Local Organization: Worcester Engineering Society 

Number of Members: 151 


EXECUTIVE COMMITTEE 


McCasuin, Chairman 
Snow, Secretary-Treasurer 


S. N. H. W. Downs 
W.S. 

H. W. H. Beru 

A. H. 

E. H. 


RoBERT ERICKSON 
T. L. F. Larrson 
Orro MULLER 

F. W. Roys 

H. C. Cuarton, Ex-Officio 


BLACKBURN 
CARROLL 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahoning, and Columbiana in 
Ohio, and Mercer and Lawrence in Pennsylvania 
Place of Meeting: Central Y.M.C.A., Youngstown, Ohio 
Number of Members: 57 


EXECUTIVE COMMITTEE 


E. O. Oyen, Chairman N. C. Hunt 
W. K. McAres, Vice-Chairman H. OvEsEN 

J. L. Wick, Jr., Secretary-Treasurer G. A. Pues 
Starrorp ADAMS G. S. WARREN 


Special Research Committees 
(Personnel of Standing Committees, p. 6) 


LUBRICATION 
Appointed October, 1915, to investigate the fundamental problems of 
lubrication, to formulate results of investigations previously 
made, and to keep in touch with contemporary research 
in this field 
The Committee is now being reorganized. 


FLUID METERS 


Appointed 1916 to develop the theory of fluid meters of all kinds and to 
report on the best methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Praorr, Chairman Louis Gress 

J. R. Caruton, Secretary T. H. Kerr 

H. S. Bean W.S. Parpor 

S. R. BEITLER E. S. Situ, Jr. 
R. K. BLANCHARD R. E. SpRENKLE 
G. D. ConLEE E. C. M. Stawu 
W. W. FrRYMOYER T. R. WeymMouTH 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct research on the thermal properties 
of water-vapor and steam from 0 C to the upper limits of 
temperature and pressure 


(Reorganized April, 1929) 


G. L. Bourng, Chairman D. 8. Jacosus 
W. L. Assort, Vice-Chairman J. H. KEENAN 
H. N. Davis F. G. Keyes 

H. C. Dickinson L. S. Marks 
ALEx Dow G. A. Orrok 

A. M. GREENE, JR. R. J. 8. Picotr 
R. C. H. Heck H. V. Rasmussen 


E. L. Rosinson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting the 
strength and life of gear teeth 


R. E. FLANpERs, Chairman A. M. GREENE, JR. 
C. H. Locus, Secretary C. W. Ham 

C. G. Bartu F. E. 
EARLE BucKINGHAM E. W. MILLER 


ERNEST WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, tool design, lubrication, 
cooling, and speeds and feeds 


COLEMAN SELLERS, 3D, Chairman R. C. DEALE 

L. N. Guuick, Secretary A. L. DeLEEuw 
L. P. ALForpD MALcoum JUDKINS 
O. W. Boston R. D. Prosser 


ELEVATOR SAFETIES 


Appointed June, 1924, as a subcommittee of the Sectional Committee 
on Safety Code for Elevators, to study the function and operation 
of elevator safeties and buffers and their associated 
mechanisms and to develop methods of test for 
the approval of elevator safety devices 


O. P. Cummins, Vice-Chairman M. G. Lioyp 
J. A. Dickinson, Secretary J. J. Matson 
JONES M. B. McLavutTHuin 
S. W. Jongs W. S. Paine 


D. L. Linpquist S. F. VoorHees 


MECHANICAL SPRINGS 


Appointed December, 1923, to determine the status of the mechanical- 
spring art, to promote and conduci necessary and adequate 
research, and to develop the art to the point of 
standardization 


A. N. LuKENS 

D. J. McApam, Jr. 
R. E. Pererson 

J. B. 


J. R. TowNseEnND, Chairman 
C. T. EpGerton, Secretary 
C. E. BarBa 

W. G. BRoMBACHER 

R. 


W. Coox J. W. JR. 
W. T. DonxKIN B. W. St. 
RupEN EKSERGIAN M. F. Sayre 
G. E. HANSEN Kerra WILLIAMS 
BENJAMIN LIEBOVITZ J. Kaye Woop 


F. P. ZImMMERLI 
O. B. ZIMMERMAN 


Davip Lorts 
(R. D. Brizzovara, Alternate) 
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EFFECT OF TEMPERATURE ON THE PROPERTIES OF 
METALS 


Appointed December, 1924, as a joint research committee of the A.S.T.M. 
and the A.S.M.E. to encourage the investigation and accumulation 
of data on the properties of metals used in the mechanic arts 
at extremely high and low temperatures 


A.S.M.E. Members (Total personnel, 49) 


H. J. Frencu, Chairman H. J. Kerr 

N. L. Mocuen, Secretary C. L. Kinney, Jr. 
A. D. Baitey H. W. Maack 

F. E. Basu C. E. MacQuieG 
R. A. Buti J. A. MATHEWS 
E. 8S. Drxon P. E. McKinNEY 
H. W. E. L. RosBinson 


Louis JORDAN A. E. WHITE 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research Committee of the American 
Boiler Manufacturers Association, American Railway Engineering 
Association, American Water Works Association, Edison 
Electric Institute, the American Society for Testing 
Materials, and the A.S.M.E., to study methods of 
analysis and treatment of boiler feedwater for 
stationary and railroad practice 


A.S.M.E. Members (Total personnel, 50) 


W. L. AsBorr A. L. PENNIMAN, JR. 
S. B. AppLEBAUM E. B. Powe. 

A. D. Battey T. E. Purce.u 

TA. G. CHRISTIE TC. W. Rice 

H. C. F. N. SpPELLER 

D. K. Frencu Kurt ToENSFELDT 
R. E. J. H. WALKER 

J. A. Hotmes TA. E. 

TC. F. J. D. YopEerR 


CONDENSER TUBES 


Appointed May, 1925, to investigate and report on the causes of failure 
of tubes used in steam condensers and similar heat interchange 
apparatus 


A. E. Chairman C. F. 
Bert Hovuaurton, Vice-Chairman G. C. Ho_pER 


P. A. BANCEL H. W. 
D. K. CRAMPTON E. F. M1Luter 
H. M. CusHine W. B. Price 
R. E. Ditton M. F. Stack 


O. B. J. Fraser 

J. R. FREEMAN, JR. 
V. M. Frost 

C. F. Harwoop 


H. A. STAPLES 

W. R. WeBsTER 

Director, BUREAU OF ENGINEER- 
U. S. Navy DEPARTMENT 


BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing the 
failure of refractories in various types of installations, to subject 
these factors to detailed experimental analysis, to undertake 
the formulation of suitability tests and, if necessary, 
to attempt to develop a suitable refractory to 
meet the needs of severe service 


W. A. Carter, Chairman N. E. Lewis 


S. H. Barnum J.S. 
G. A. Bote (F. A. Harvey, Alternate) 
M. Booze S. J. McDowELL 
W. H. Percy NICHOLLS 
C. B. Grapy S. M. PHEeLps 
R. A. Hernpu E. B. PowEtu 
C. F. R. A. SHERMAN 
O. P. Hoop R. B. SosMan 
R. K. Hursa L. J. TRosTe. 
G. B. WILKES 


VELOCITY MEASUREMENT OF FLUID FLOW 
Appointed November, 1927, to sponsor the development of an absolute 
method for determining the velocity of the flow of fluids by 
means of the location of nodal points in wave systems 


W. F. Duranp, Chairman 


+ Official A.S.M.E. representatives serving on this committee. 


T. R. Weyrmourts 


WORM GEARS 


Appointed May, 1927, to investigate certain problems in connection 
with the action of worm gear drives and to recommend 
improvements in their design, manufacture, and use 


EARLE BuckKINGHAM, Chairman A. A. Ross 


G. H. AcKER B. F. WATERMAN 
L. R. BucKENDALE REPRESENTATIVE OF BUREAU 
W. H. Hes oF ENGINEERING, U. S. Navy 


D. L. Linpquist DEPARTMENT 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain economic 
laws affecting production, to develop formulas for management, 
and to collect and report information on management research 


T. H. Brown 
R. C. Davis 
G. E. HaGEMANN 


W. E. FREELAND, Chairman 
F. E. Raymonp, Secretary 
J. H. BARBER 


ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


W. J. WoHLENBERG, Chairman 
E. G. 

R. M. Gates 

C. W. Gorpon 


E. L. LinpsetH 
G. A. Orrox 

R. J. S. Preorr 
VAN Brunt 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the strength of 
cylindrical and spherical surfaces under external pressure, 
particularly with reference to jacketed vessels 


W. D. Hatsey, Chairman Cart RIGpON 


A. J. H. E. SAUNDERS 
Tuomas GRISWOLD, JR. E. E. SHANOR 
F. V. HartMAN J. H. Taytor 


T. McL. Jasper 


(F. G. WinuraMs, Alternate) 
A. W. Limont, Jr. 


D. B. Wresstrom 
D. F. WInDENBURG 


WIRE ROPE 


Appointed April, 1930, to study the factors affecting the life of wire 
rope so that it may be better understood and more 
effectively used 


W. H. Chairman A. H. 


W. M. Bacer B. V. E. NorpBera, Jr. 
H. LeR. Brinx W. S. Patne 

D. L. Linpquist W. J. Ryan 

G. W. MartTINn GEORGE Simpson 

C. A. McCune L. E. Youne 


HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limitations 
of anti-friction bearings when applied to roll necks of rolling 


mills 
W. Trinks, Chairman W. R. 
J. H. Hircucock, Secretary H. H. 
H. E. BRUNNER S. M. WecKsTEIN 
H. A. WINNE 


REMOVAL OF ASH AS MOLTEN SLAG FROM 
POWDERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of fluxes as a means 
of increasing the fluidity of slag in boiler furnaces and thus 
permit its removal at operating furnace temperatures 
K. M. Irwin, Chairman 
ANDREW CARNEGIE 

T. G. CoGHLAN 
H. M. Cussine 


C. F. 
Percy NIcHOLLSs 
E. B. 
P. B. Rice 
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AUTOMATIC OIL PIPE LINE PUMPING STATIONS 
Authorized March, 1930, to develop methods of automatic control for oil 
pipe line pumping stations 


W. G. HELTzEL, Chairman J. M. McGrecor 


J. N. Hunter, Vice-Chairman J. B. McManon 

T. D. Witu1amson, Secretary R. L. MippLeTon 
W. S. Bauer O. L. OLsEN 

W. C. DREYER WILLIAM PARKERSON 
W. W. R. Reep 

J. B. Forp F, A. Stivers 

L. T. Grsss W. H. Stunve 

F. A. GRAHAM FRED THILENIUS 

C. F. Guinn J.B. THomas 

A. N. Horne F. E. WaRTE FIELD 
J. K. McGouprick Oscar WoLF 


PRIME MOVERS FOR ROTARY DRILLING OF OIL WELLS 


Approved by Council January 10, 1931, to investigate existing types of 
prime movers used for rotary drilling of oil wells as to their 
relative efficiencies, costs of operation, and general satisfaction 
D. L. Trax, Chairman W. H. Carson 
Rayrmonp CARR R. R. Hawkins 
H. W. MANLey 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1981, to study the characteristics of high-pressure 
forced-circulation steam-generating units 


A. A. Potter, Chairman C. H. Fe.ttows 


W. H. ArRMaAcost A. M. Houser 
A. D. Bartey H. J. Kerr 

E. G. BatLtey G. A. OrRoK 

A. G. CHRISTIE H. L. 
F. S. Cuark P. W. THompson 


SAMPLING PULVERIZED FUEL IN A MOVING GAS STREAM 


Appointed November, 1932, to investigate the present methods of sampling 
pulverized fuel and to evolve a generally satisfactory method 
that may be adopted as a standard 


K. M. Irwin, Chairman 
F. M. Grsson, Secretary 
Joun 

OLLISON CRAIG 

M. D. ENGLE 


J. C. Harpiee 

H. J. Kuorz 
Henry KREISINGER 
J. W. McKenzie 
W. S. Morrison 


C. 8. GLADDEN G. B. RanDALL 
A. E. GruNnERT R. C. Rog 
R. M. HarpGROvE E. H. TENNEY 


COTTON SEED PROCESSING 


Appointed December, 1932, to study the mechanical problems involved 
in storing, conditioning, and cooking cotton seed meats 


W. R. Wootrica, Chairman W. D. Epwarps 
Homer BarRNESs C. E. GARNER 
E. L. CarRPENTER B. J. Sams 


A.S.M.E. Representatives on Other Research Committees 
See also A.S.M.E. Representatives on Other Activities, page 30 


CORROSION COMMITTEE 
American Society of Refrigerating Engineers 
(To be appointed) 


FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
W. R. WEBsTER 


HEAT-TREATMENT OF ROCK DRILL STEELS 


Advisory Board of the Bureau of Standards and Bureau of Mines 
(To be appointed) 


HIGHWAY RESEARCH 


Advisory Board of National Research Council 
J. G. Berequist 


NATIONAL COMMITTEE ON WOOD UTILIZATION 


Department of Commerce, National Bureau of Standards 
A. E. 


NON-FERROUS METALS AND ALLOYS 


Advisory Committee to the National Bureau of Standards 
C. H. Brersaum 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory Committee to the National Bureau of Standards 
E. B. 


Standardization Technical Committees 
(Personnel of Standing Committee, p. 6) 


SHAFTING 
*Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 16) 


tC. M. Cuapman, Chairman L. C. Morrow 

fA. A. ADLER C. W. Sprcer 

E. E. Greve N. VanDeruoer 
H. C. E. Meyer TL. W. 


BALL AND ROLLER BEARINGS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 18) 


TW. P. Vice-Chairman F. G. Hueues 
{G. R. Borr 1G. E. 

H. E. BRUNNER L. F. NENNINGER 
F. H. BuHLMANN tA. E. Norton 

L. A. CumMINGs Ernest WooLER 


GEARS 


*Joint sponsorship with the American Gear Manufacturers Association. 
Sectional Committee organized June, 1921 


A.S.M.E, Members (Total personnel, 32) 


B. F. WATERMAN, Chairman 
Bucxineram, Vice-Chairman 
G. H. Acker 

L. H. Fry 


C. B. HamiLton 

D. T. HamILton 

O. A. 

G. L. MARKLAND, JR. 
H. E. Vexusiace 


BOLT, NUT, AND RIVET PROPORTIONS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 


A.S.M.E. Members (Total personnel, 52) 


+A. E. Norton, Chairman H. P. Frear 

F. C. HerMAn Koester 

B. G. BRAINE S. F. NpwMAn 

(D. L. Bratng, Alternate) R. J. WHELAN 

ELiwoop E. M. Wuaitine 

G. 8S. V. R. WILLovGHBY 

T. G. CRawFrorp (J. J. McBripe, Alternate) 

O. B. ZIMMERMAN 


* Note: All of the Standards Committees for which the Society 
is Sponsor, Joint Sponsor, or on which it has representation, are 
organized under the procedure of the American Standards Association. 

+ Official A.S.M.E. representatives serving on this committee. 
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PIPE FLANGES AND FITTINGS 


*Joint sponsorship with the Heating, Piping, and Air Conditioning 
Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 
A.S.M.E. Members (Total personnel, 53) 

TC. P. Buss, Chairman M. B. MacNEILLE 
J. J. HARMAN, Secretary F. H. Morexeap 
tLesteR BENoIT TE. L. MorELanp 
SaBIN CROCKER TW. S. Morrison 


FERDINAND FINK L. S. Morse 

H. E. Hauer C. W. Mowry 

J.S. Hess (A. L. Brown, Alternate) 
{N. S. Jr. A. L. PENNIMAN, JR. 
Francis HODGKINSON WALTER SAMANS 
TH. A. Horrer TJ. R. TANNER 

A. M. Houser J. H. Taytor 

D. S. Jacosus H. L. UNpeRHILL 

L. H. Jenks G. W. Watts 

W. R. Kremer J. H. 
JOHN KNICKERBACKER J. H. 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 


*Joint sponsorship with the National Safety Council. 
Sectional Committee organized June, 1922 


A.8.M.E. Members (Total personnel, 31) 


W. L. BUNKER A. K. OumMeEs 
CrosBy A. L. PENNIMAN, JR. 
LAWRENCE H. 8S. Smita 


tW. S. Morrison F. N. SPELLER 


SMALL TOOLS AND MACHINE TOOL ELEMENTS 


*Joint sponsorship with the National Machine Tool Builders Association 
and the Society of Automotive Engineers. Sectional Committee 
organized September, 1922 


A.8.M.E. Members (Total personnel, 25) 


C. W. Spicer, Chairman K. H. Conpir 
F. O. HoaGLanp, Vice-Chairman S. A. EInstTern 
F. S. Buackatt, Jr. TH. E. Harris 


O. W. Boston 

E. J. BRYANT 

EARLE BuCKINGHAM 
TF. H. Corvin 


J. E. Lovety 
tSmmon MacKay 
+W. C. MvELLER 
TE. R. Norris 

Erik OBERG 


TECHNICAL CoMMITTEE No. 1 on T-Stots 


A.S.M.E. Members (Total personnel, 11) 
Errx Opera, Chairman S. A. ErnstTern 
E. P. BurRELL R. T. 
Harry CADWALLADER, JR. F. O. HOAGLAND 
HERMAN CASLER E. R. Norris 


TECHNICAL CoMMITTEE No. 2 on Toot HoLtpeR SHANKS AND TOOL 
Post OPENINGS 
A.8S.M.E. Members (Total personnel, 13) 
E. P. tO. W. Boston 
R. R. WEDDELL 
TECHNICAL CoMMITTEE No. 3 ON MACHINE TAPERS 


A.S.M.E. Members (Total personnel, 20) 
F. 8. Buackatu., Jr., Chairman H. E. Harris 


TE. J. BRYANT +F. O. 
TEaRLE BuckINGHAM J. H. HortGan 
B. P. Graves A. H. Lyon 

F. H. Cotvin L. F. NENNINGER 
J. B. C. W. Spicer 


TECHNICAL CoMMITTEE No. 4 oN SPINDLE NOSES AND 
CoLLetTs FoR MACHINE TOOLs 


A.S.M.E. Members (Total personnel, 26) 


J. E. Lovery, Chairman M. E. Lance 

L. F. NENNINGER, Secretary A. H. Lyon 

B. P. Graves J. H. MANSFIELD 
F. O. H. W. Ruppert 
A. M. JonNnson 


L. D. Spence 


TECHNICAL CoMMITTEE No. 5 oN MILLING CUTTERS 
A.S.M.E. Members (Total personnel, 21) 


tA. N. Gopparp E. K. Morgan 
J. H. Hortean tERIK OBERG 
G. L. MarKLanp, Jr. C. J. Oxrorp 


E. D. 


TECHNICAL COMMITTEE No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 19) 


K. H. Conpit, Chairman B. P. Graves 
EaRLE BUCKINGHAM J. J. McBripe 
T. H. Doan E. R. Smita 


TECHNICAL COMMITTEE No. 7 oN Twist Sizes 


A.S.M.E. Members (Total personnel, 8) 
W. C. MvuE.ter, Chairman 
C. W. Spicer 


J. H. Horgan 


TECHNICAL CoMMITTEE No. 8 on J1G BUSHINGS 


A.S.M.E. Members (Total personnel, 8) 
C. R. ALDEN, Secretary W. C. MUELLER 
J. H. HortGan J. Oxrorp 
H. E. 
‘TECHNICAL COMMITTEE No. 9 on PuncH Press Toots 
A.S.M.E. Members (Total personnel, 16) 


D. H. CHason H. E. Harris 
A. J. CUMMINGS W. C. MugELLER 
N. W. Dorman H. E. Wetts 


TECHNICAL COMMITTEE No. 10 on CirncuLar ForMING 
Toots aND 


A.S.M.E. Members (Total personnel, 9) 


W. C. Chairman D. H. MontGomMerRY 
HartMan L. D. Spence 
H. E. Wetis 


TECHNICAL CoMMITTEE No. 11 on CHucKs AND Cuuck Jaws 


A.S.M.E. Member (Total personnel, 9) 
J. E. Lovery, Chairman 


TECHNICAL COMMITTEE No. 12 on Cut anp Grounp THREAD Taps 


A.S.M.E. Member (Total personnel, 7) 
W. C. MvuELLER 


TECHNICAL CoMMITTEE No. 13 ON SPLINES AND SPLINED SHAFTS 


A.S.M.E. Members (Total personnel, 12) 
C. W. Spicer, Chairman R. E. W. Harrison 


W. F. Groene F. O. HoaGLanp 
B. F. WaTERMAN 


TECHNICAL ComMMITTEB No. 14 on WELDING 
AND ELEcTRODE HoLpERS 
A.S.M.E. Members (Total personnel, 15) 


Lewis FINe N. McD. Loney 


TrecHNICAL ComMiITTEE No. 15 on Macutne TABLEs 
A.S.M.E. Members (Total personnel, 5) 


B. P. Graves L. F. NENNINGER 


TECHNICAL ComMiITTEE No. 16 on Rotatine Toon SHANKS 
A.S.M.E. Members (Total personnel, 19) 


E. J. Bryant, Chairman E. W. Hows 
J. H. Horiean, Secretary W. C. MUELLER 
J. B. Drtuarp C. J. Oxrorp 


H. E. WEtts 


TECHNICAL CoMMITTEE No. 17 on NOMENCLATURE 


A.S.M.E. Members (Total personnel, 15) 


O. W. Boston, Secretary 
F. S. Jr. 


F. O. HoaGianp 
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Ex-Officio Members 


Cc. J. Oxrorp 
C. W. Spicer 
H. E. 


TECHNICAL CoMMITTEE No. 18 oN MULTIPLE SPINDLE 
Drituine Heaps 


A.S.M.E. Member (Total personnel, 9) 


H. E. WEtts 


TECHNICAL COMMITTEE No. 19 oN SINGLE Point CuTTiING TooLs 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman 


O. W. Boston, Secretary 


SCIENTIFIC AND ENGINEERING SYMBOLS AND 
ABBREVIATIONS 


* Joint sponsorship with the A.S.C.E., A.I.E.E., A.A.A.S.,and S.P.E.E. 


Sectional Committee organized January, 1926 
A.S.M.E. Members (Total personnel, 33) 


A. Moss, Vice-Chairman 
M. ANDERSON 
(E. P. WaRNER, Alternate) 


K. H. Conpit 
TH. N. Davis 
+(R. J. S. Picorr, Alternate) 


PLAIN AND LOCK WASHERS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized August, 1925 


A.S.M.E. Members (Total personnel, 38) 


+S. G. Barts 


EUGENE CALDWELL 
T. G. CRAWFORD 


{B. S. Lewis 


C. H. 


DRAWINGS AND DRAFTING ROOM PRACTICE 


*Joint sponsorship with the Society for Promotion of Engineering 
Education. Sectional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 52) 


. W. KEvurFFEL, Secretary 
. E. Coo.ipGe 
.G. 
oF 


C. HARPER 
A. M. Houser 
ALFRED IDDLES 


+SamMvuEL 


. DeR. Furman, Chairman 


F. R. LaAngy 

H. B. LANGILLE 
W. L. McIntTosH 
F. W. Mine 

E. B. Negru 
tJ. K. OLsEN 

J. W. Owens 

F. C. PANUSKA 
CaRL RoOSSMASSLER 
TE. S. Jr. 


CODE FOR PRESSURE PIPING 


*Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 75) 


E. B. Ricketts, Chairman 
G. 8S. CorFrIn 
H. C. Cooper 
SaBIN CROCKER 
(J. A. WALKER, Alternate) 
H. D. Epwarps 
C. A. 
CHARLES FITZGERALD 
O. S. HAGERMAN 
H. E. Hatter 
J. J. HARMAN 
J.S. Have 
(E. B. Severs, Alternate) 
J. S. Hess 
H. A. Horrer 
G. G. 


7A. M. Houser 
ALFRED 


J. H. LAWRENCE 
M. B. 
G. W. Martin 

H. C. E. Meyer 


J. W. Moore 

. H. MorEHEAD 

. MorGANn 

. MorRISON 

. MoOuULDER 

. 

. ORROK 

. PENNIMAN, JR. 
. RoBINSON 

. SAATHOFF 

. SAURWEIN 

. SMITH 

. H. Moss, Alternate) 
. SPENCER 


. WooDROFFE 
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MACHINE PINS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1926 


A.S.M.E. Members (Total personnel, 18) 


E. Sreczynsk1, Chairman J. J. McBripp 
TE. J. Bryant H. C. E. Meyer 
O. B. ZIMMERMAN 


GRAPHIC PRESENTATION 


*Sole sponsorship. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 36) 
{G. E. Hagemann, Secretary H. G. Crockett 


M. F. BeEHAR E. F. DuBruL 
C. N. BigELow T. E. Frencu 
WALLACE CLARK TD. B. Porter 


TRANSMISSION CHAINS AND SPROCKETS 


*Joint sponsorship with the Society of Automotive Engineers and the 
American Gear Manufacturers Association. Sectional 
Committee organized December, 1926 


A.S.M.E. Members (Total personnel, 15) 


V. Herzen, Chairman tL. V. Lupy 

{G. M. Bartiert, Secretary tE. B. 
W. J. BeLcuer G. A. Youne 
Joy O. B. ZIMMERMAN 


WIRE AND SHEET METAL GAGES 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized November, 1927 


A.S.M.E. Member (Total personnel, 28) 
J. F. Howe 


PIPE THREADS 


*Joint sponsorship with the American Gas Association. 
Sectional Committee reorganized May, 1927 


A.S.M.E. Members (Total personnel, 39) 


B. H. Buoop W. R. Kremer 
A. F. BREITENSTEIN A. S. MILLER 

E. J. BRYANT P. V. MILLER 

E. CornE LL, Jr. F. H. MoreHeap 
J. J. Crorry W. C. Morris 

J. J. HARMAN S. F. NeEwMAN 
tA. M. Houser E. S. SANDERSON 
F. B. Howe.u L. N. SHANNON 
A. H. JAREcKI W. D. Sizer 

J. O. JOHNSON J. H. 


ELECTRIC MOTOR FRAME DIMENSIONS 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 32) 


C. A. ADAMS W. F. Jones 

S. A. Ernstein A. L. McHuau 

E. W. P. G. 

F. 8S. ENGiIsH tA. G. TrumMBULL 
TE. H. Warine 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING 


*Joint sponsorship with the American Society for Testing Materials. 
Sectional Committee organized April, 1928 — 
A.S.M.E. Members (Total personnel, 39) 

H. H. Moraan, Chairman C. W. Mowry 

SaBin Crocker, Secretary TH. B: Oatiey 


J. B. ASTon A. L. PeNNIMAN, JR. 
tA. M. Houser (A. B. Moraan, Alternate) 


TD. S. F. N. SpELLER 
(F. 8. CuarKk, Alternate) J. R. TANNER 
W. R. Kremer A. E. 
H. C. E. Meyer H. WHITNEY 


F. H. MorexHeap G. H. Wooprorre 


ape C. R. ALDEN 
B. P. Graves 
iq A. N. Gopparp 
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SPEEDS OF MACHINERY 
*Sole sponsorship. Sectional Committee organized May, 1928 


A.S.M.E. Members (Total personnel, 29) 


tC. M. H. C. E. Meyer’ 
R. C. 


JoHN REID 
DIseRENS P. G. R#oaps 
F. 8. ENu F. C. SPENCER 


D. C. JacKson O. B. ZIMMERMAN 


SCREW THREADS FOR HOSE COUPLINGS 
*Sole sponsorship. Sectional Committee organized August, 1928 


A.S.M.E. Members (Total personnel, 22) 
A. L. Brown, Secretary 
tA. F. BrerrensTein 
W. L. Curtiss 
TW. E. Dunnam 


J. J. HARMAN 
(F. C. Ernst, Alternate) 
A. M. Houser 
H. C. E. Meyer 
J. H. 


PLUMBING EQUIPMENT 


*Joint sponsorship with the American Society of Sanitary Engineering, 
Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 25) 


G. W. MartTIn 
(A. H. Moraan, Alternate) 
TW. R. WesBstTeR 


J. J. Crorry 
O. E. GoLpscHMIDT 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized March, 1929 
A.S.M.E. Members (Total personnel, 17) 


TE. J. BRYANT TEaRLE BucKINGHAM 


TE. S. SANDERSON 


STOCK SIZES, SHAPES, AND LENGTHS FOR HOT AND 
COLD FINISHED IRON AND STEEL BARS 


*Sole sponsorship. Sectional Committee organized April, 1929 
A.S.M.E. Members (Total personnel, 25) 


TL. W. 
G. H. Wooprorrse 


J. B. Aston 
F. H. DecHant 
O. B. ZIMMERMAN 


STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee originally organized in June, 1921. Reorganized in 
February, 1929 
A.S.M.E. Members (Total personnel, 35) 

TR. E. Fuanpers, Chairman tA. M. Houser 

Ear_e BuckineuaM, Secretary (R. E. Perry, Alternate) 
E. J. BRYANT H. C. E. Meyer 

G. S. +P. V. MILLER 

T. G. Crawrorp O. B. ZIMMERMAN 


ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES 


*Sole sponsorship. Sectional Committee originally organized in June, 
1920. Reorganized in September, 1930 


A.S.M.E. Members (Total personnel, 42) 
F. E. F. O. HoaGuanp 


(E. E. Alternate) N. E. Jacost 
F. S. Buackatt, Jr. H. C. E. Meyer 
H. E. BRUNNER P. V. MILLER 
(WitL1AM Jerrer, Alternate) W. C. MUELLER 
E. J. Bryant {E. C. Peck 
BUCKINGHAM W. C. ScHOENFELDT 
F. H. Couvin C. C. STEVENS 


R. E. W. Harrison O. B. ZimMERMAN 
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PRESSURE AND VACUUM GAGES 
*Sole sponsorship. Sectional Committee organized July, 1930 
A.S.M.E. Members (Total personnel, 42) 


M. D. Chairman R. J. Kenn 
tA. W. Lenperotn, Secretary tJ. C. McCuns 

E. J. BRYANT A. H. MoreGan 
TJ. P. CAVANAUGH 7S. A. Moss 

DISERENS H. B. ReyNnoips 
W. F. Jones C. Z. RosENCRANS 


W. C. ScHOENFELDT 


FOUNDRY EQUIPMENT AND SUPPLIES 


* Joint Sponsorship with the American Foundrymen’s Association. 
Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 23) 


E. S. CarRMAN, Chairman G. F. JENKS 
E. W. Evy A. S. PHELPs 
F. W. HERENDEEN tH. P. Van Cieve 


(F. B. Howe tu, Alternate) O. B. ZIMMERMAN 


SPECIFICATIONS FOR LEATHER BELTING 
*Sole sponsorship. Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 24) 
R. W. CHANDLER 
H. T. Coates 
+R. W. Drake 
Kine HatHaway 


J. E. Ruoaps 

C. A. SCHIEREN 
7C. O. STREETER 
O. B. ZIMMERMAN 


UNIFICATION OF RULES FOR THE DIMENSIONING OF 
FURNACES FOR BURNING SOLID FUEL 


*Sole sponsorship. Sectional Committee organized June, 1933 


A.S.M.E. Members (Total personnel, 20) 
C. E. Bronson, Temporary Chairman T. A. Marsa 
W. G. Curisty W. L. Martwick 
Joun HuNTER J. F. McInt1re 
A. J. JOHNSON R. H. Rowtanp 
TV. G. Leacu tJoun Van Brunt 


CLASSIFICATION AND DESIGNATION OF SURFACE 
QUALITIES 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee organized May, 1932 
A.S.M.E. Members (Total personnel, 57) 


JOHN CETRULE 


F. V. 
J. S. CHAFEE 


T. G. CRAWFORD H. J. Hoitzctaw 
7R. C. R. T. Kent 

U. S. EBERHARDT A. H. Lyon 

S. A. Ernste1n M. J. Reep 

R. F. Gaae F. C. SPENCER 

J. J. HARMAN C. C. STEVENS 
TR. E. W. Harrison J. S. TAWRESEY 


C. H. WHITAKER 


Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E. Representatives on Other Activities, page 30 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 


*Sponsor body: Acoustical Society of America 


E. E. Free 


(P. H. Alternate) 
R. V. Parsons 


(J. S. Parkinson, Alternate) 
W. B. 


(H. 8S. Reap, Alternate) 


AMERICAN MARINE STANDARDS COMMITTEE 


Advisory Committee of Department of Commerce 
J. W. Gray 
(H. W. Brown, Alternate) 
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BUILDING CODE COMMITTEE 
Advisory Committee of Department of Commerce 
THORNTON LEWIS 


CLASSIFICATION OF COAL 
*Sponsor body: American Society for Testing Materials 
F. R. WADLEIGH 


DRAINAGE OF COAL MINES 


*Sponsor body: American Mining Congress 


M. J. Lipe O. M. Pruitt 


W. M. 


ELECTRIC WELDING 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


N. McD. Loney 


ELECTRICAL DEFINITIONS 
*Sponsor body: American Institute of Electrical Engineers 
C. H. Berry J. V. B. Durer 


FIRE TESTS OF BUILDING CONSTRUCTION AND 
MATERIALS 


*Sponsor bodies: A.S.A. Fire Protection Group, National Bureau of 
Standards, and the American Society for Testing Materials 


E. C. Rack 


FOREST FIRE PROTECTION 
Committee of National Fire Protection Association 
E. H. Davis 


MANHOLE FRAMES AND COVERS 


*Sponsor bodies: A.S.A. Telephone Group and American Society of 
Civil Engineers 
Homer Ruparp 


ANTON HANSEN 
MARKING OF OBSTRUCTIONS TO AIR NAVIGATION 


AMERICAN COMMITTEE 
*Joint committee between aviation interests and combined utility interests 


J. E. Wuirseck (Jerome Leperer, Alternate) 


METHODS OF RATING RIVERS 
*Sponsor body: U. S. Geological Survey 
D. W. 


METHODS OF TESTING WOOD 


*Sponsor bodies: U.S. Forest Service and the American Society for 
Testing Materials 


C. M. BigELow 


MISCELLANEOUS OUTSIDE COAL-HANDLING 
EQUIPMENT 


*Sponsor body: American Mining Congress 
J. H. StraTTon 


PETROLEUM PRODUCTS AND LUBRICANTS 


*Sponsor body: American Society for Testing Materials 
G. B. Karguitz W. F. Parisu 
(H. J. Masson, Alternate) (S. J. Neeps, Alternate) 


PETROLEUM SPECIFICATIONS 
Advisory Board of U. S. Bureau of Mines 
H. A. S. HowartTu 


PREFERRED NUMBERS 
*Special Committee of A.S.A. 
K. H. Conpir 


ROTATING ELECTRICAL MACHINERY 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


H. R. (C. A. Boorn, Alternate) 


SPECIFICATIONS FOR CAST IRON PIPE 


*Sponsor bodies: American Gas Association, American Society for 
Testing Materials, American Water Works Association, and 
New England Water Works Association 


G. W. Biaes J. E. Gipson 


SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


*Sponsor body: American Institute of Mining and Metallurgical 
Engineers 


R. A. SHERMAN (E. L. Linpsers, Alternate) 


SPECIFICATIONS FOR FUEL OILS 
*Sponsor body: The American Society for Testing Materials 


W. H. BuTLer L. H. Morrison 
HarTE Cooke LEE SCHNEITTER 
H. W. Dow DenistouN Woop 


SPECIFICATIONS FOR MATERIALS FOR USE IN 
MANUFACTURE OF SPECIAL TRACKWORK 


*Sponsor body: American Transit Association 
W. R. 


SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 
IN THE USE OF WIRE ROPE FOR MINES 


*Sponsor body: American Mining Congress 
J. L. HARRINGTON 


SPECIFICATIONS FOR SIEVES FOR TESTING PURPOSES 


*Sponsor bodies: American Society for Testing Materials and National 
Bureau of Standards 


D. McM. BLacKBURN 


SPECIFICATIONS FOR TOOL STEEL 
Subcommittee No. XIV of A.S.T.M. Committee Al on Steel 


O. W. Boston C. M. INMAN 


VOLUME WATER HEATING 
Committee of American Gas Association 


Power Test Codes Technical Committees 


(Personnel of Standing Committee, p. 6) 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 


W. H. Kavanauau, Chairman C. F. 
A. M. GREENE, JR. M. C. Stuart 
(2) DEFINITIONS AND VALUES 
Appointed December, 1918 
**F, R. Low L. S. Marks 


A. C. Woop 


** Deceased January 22, 1936. 
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(3) FUELS 
Appointed December, 1918 


W. J. WoHLENBERG, Chairman F. G. PHiLo 

E. G. G. S. Pops 

B. L. Borge C. R. RicHarps 
L. P. BRECKENRIDGE E. B. Ricketts 
H. W. Brooks F. M. RoGers 
S. B. Fiaae E. X. ScumiptT 
D. M. Myers NIcHoLas STAHL 


E. N. Trump 


(4) STATIONARY STEAM-GENERATING UNITS 


Appointed December, 1918 
E. R. Fisu, Chairman 
C. U. Savors, Secretary 
A. D. 


ALFRED IDDLES 
E. B. 
E. B. Ricketts 


(65) RECIPROCATING STEAM ENGINES 


Appointed December, 1918 
A. G. Curistie, Chairman 
Harte Cooke 


J. HUNTER 
H. 
K. S. M. Davipson B. 
A. 
A. 


A. 

G. MUELLER 

V. E. NorpBERG 
HERMAN DIEDERICHS F 
HENRIK GREGER V. 
Tuomas 


SAHAROFF 
G. Wirttne 
C. WoRKMAN 


(6) STEAM TURBINES 
Appointed December, 1918 


C. H. Berry, Chairman V. M. Frost 

I. E. Moutrrop, Secretary A. E. GRUNERT 

O. D. H. BentTLEY Francis HopGKINSON 
W. E. CaLpwELi S. A. Moss 

A. G. CHRISTIE R. O. MuLLER 

Hans DaAHLSTRAND T. E. 


C. C, THomas 


(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 
PUMPS 


Appointed December, 1918 


R. D. Hat, Chairman J. E. Gipson 

C. H. ANDERSON G. L. KoLuBera 
E. H. Brown M. B. MacNEILLE 
J. N. CHESTER D. W. Meap 


L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY PUMPS 


Appointed December, 1918 
W. B. GreGroy, Chairman M. B. MacNEILLe 
Max Spituman, Secretary L. F. Moopy 
W. C. Brown F. H. Rosers 
W. M. Wuite 


(9) DISPLACEMENT COMPRESSORS AND BLOWERS 


Appointed December, 1918 


Diserens, Chairman 
G. T. 


J. F. HuvaNne 
R. M. JoHNSON 
J. F. D. Smivra 


(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 
BLOWERS 


Appointed December, 1918 


A. T. Brown, Chairman J. J. Gros 

E. L. ANDERSON H. F. Hacen 

C. A. Paut HorrMan 
W. H. Carrier H. D. 
L. E. Day A. L. KimmBatu 
E. 8. Dean L. S. Marks 

Z. G. ArRvID PETERSON 
8S. H. Downs H. F. Scumipt 
P. E. Goop M. C. Stuart 


Francis HopGxrnson, Chairman 


(11) COMPLETE STEAM POWER PLANTS 
Appointed December, 1918 


F. M. Van Deventer, Chairman R. A. ForEsSMAN 
D. 8. Wrae, Secretary V. M. Frost 
W. F. Davipson W. W. JoHNSON 
C. H. Fettows E. W. Norris 


H. S. 


(12) CONDENSERS, WATER HEATING, AND COOLING 
EQUIPMENT 


Appointed December, 1918 


G. A. OrroK, Chairman J. F. Grace 
P. H. Harpie, Secretary D. W. R. MorGan 
C. H. Baker, Jr. J. J. MULLaN 
R. N. Exruart H. B. ReyYNoups 
P. E. ReYNoups 
(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 
G. A. Horne, Chairman N. H. 
G. B. Bricut G. T. VoorHEES 


(14) EVAPORATING APPARATUS 
Appointed December, 1918 


E. N. Trump, Chairman E. A. NEWHALL 
B 


. N. Bump H. L. Parr 
L. C. RoGers 
(15) STEAM LOCOMOTIVES 

Appointed December, 1918 
E. C. Scumipt, Chairman G. E. Raoaps 
W. F. Kieset, Jr. L. K. 
H. B. Oatiey W. E. Wooparp 

(16) GAS PRODUCERS 

Appointed December, 1918 
R. H. FERNALD C. D. Smita 


H. F. Smita 


(17) INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 
Max Rotter, Chairman L. 
HarTE Cooke B. 
J. H. Suter 


B. Jackson 
V. E. NorpBerG 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 


E. C. Hutcuinson, Chairman J. P. Growpon 
M. ALLEN T. H. 

H. L. D. J. McCormack 
W. F. Duranp L. F. Moopy 

N. R. Grsson R. V. Terry 


W. M. Waite 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 
C. F. HrrsHretp, Chairman 


J. B. GRUMBEIN 
W. A. Carter, Secretary 


W. H. Kenerson 


C. M. ALLEN E. S. Ler 

E. G. E. L. Linpsetu 
H. S. Bran OsBoRN MonNETT 
L. J. Briees S. A. Moss 

C. R. Cary R. J. S. Picorr 

J. D. Davis E. B. Ricketts 
R. E. Ditton W. A. SLOAN 

F. M. FarMer R. B. Smitrx 


(20) SPEED-RESPONSIVE GOVERNORS 
Appointed December, 1921 


Harte Cooke 
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(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. ENGLE, Chairman J. W. FEHNEL 

J. W. Armour, Secretary H. F. Hacen 

E. L. ANDERSON P. H. Harpies 

A. D. C. W. HeDBERG 
H. M. Buspar J. H. Leecu 

W. G. Curisty H. E. MacoMBER 
H. O. Crorr H. B. MELLER 
J. M. DALLAVALLE H. C. Murpuy 
Puitie DRINKER B. F. 


A.S.M.E. Representatives on Other Committees 
See also A.S.M.E. Representatives on Other Activities, page 30 


DEVELOPMENT OF DEFINITIONS FOR THE NET 
CALORIFIC VALUE AND GROSS CALORIFIC 
VALUE OF FUELS 
Sponsor body: American Society for Testing Materials 
W. J. WoHLENBERG 


COMMITTEE ON REDEFINING SO-CALLED STANDARD 
TON OF REFRIGERATION 


Sponsor body: American Society of Refrigerating Engineers 
G. B. Bricut 


Safety Technical Committees 


(Personnel of Standing Committee, p. 6) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMISSION 
APPARATUS 


*Joint sponsorship with the International Association of Industrial 
Accident Boards and Commissions, National Bureau of Casualty 
and Surety Underwriters. Sectional Committee organized 
February, 1921 


A.S.M.E. Members (Total personnel, 27) 
{C. B. AvEt, Chairman W. J. Hamitton 


P. G. Ruoaps, Temporary 1G. M. Naytor 
Secretary W. W. NicHoLs 
tL. A. DeBuors W. S. Paine 
C. G. Foster +D. C. Wricut 
W. M. Grarr (G. N. VanDeEruoer, Alternate) 


SAFETY CODE FOR ELEVATORS 


*Joint sponsorship with the American Institute of Architects and the 
National Bureau of Standards. Sectional Committee organized 
November, 1922 


A.S.M.E. Members (Total personnel, 36) 


O. P. Cummines, Vice-Chairman J. J. Matson 
C. R. CaLtLaway J. C. McCaBe 
{D. L. M. B. McLavuTHLIN 


Bassett JONES W. S. 
D. L. Linpquist D. J. Purtnton 
N. O. Linpstrom S. F. VoorHEES 


SAFETY CODE ON COMPRESSED AIR MACHINERY AND 
EQUIPMENT 


*Joint sponsorship with the American Society of Safety Engineers— 
Engineering Section, National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 23) 


L. Rorsr, Chairman W. M. Grarr 
D. Epwarps 
7H. H. Jupson 


W. J. GRAVEs - 
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SAFETY CODE FOR CONVEYORS AND CONVEYING 
MACHINERY 


*Joint sponsorship with the National Bureau of Casualty and Surety 
Underwriters. Sectional Committee organized November, 1925 


A.S.M.E. Members (Total personnel, 44) 


E. L. Cuirrorp C. G. PFEIFFER 

W. J. GRAVES D. L. Royer 

F. V. Hetze. (W. M. Grarr, Alternate) 
A. {WILLIAM STANIAR 

W. S. Paine G. R. WaDLEIGH 


J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS 


*Joint sponsorship with U. S. Navy Department, Bureau of Yards and 
Docks. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 59) 


B. F. Truuson, Secretary FRANKLIN MOELLER 
H. LeR. Brinx tLewis Price 

J. F. Howe F. H. Schwerin 

W. D. +R. H. Waits 

C. V. Koons H. L. WHITTEMORE 


AIRCRAFT SAFETY AND INSPECTION 
*Sole sponsorship. Sectional Committee organized April, 1931 


A.S.M.E. Members (Total personnel, 6) 
JEROME LEDERER, Chairman ALEXANDER KLEMIN 


ASME. Representatives on Other Safety Committees 
See also A.S.M.E. Representatives on Other Activities, page 30 


SAFETY CODE FOR ABRASIVE WHEELS 


*Sponsor bodies: Grinding Wheel Manufacturers Assn. of United 
States and Canada, and International Assn. of Industrial 
Accident Boards and Commission 


(To be appointed) 


SAFETY CODE FOR AERONAUTICS 


*Sponsor body: Society of Automotive Engineers 
(To be appointed) 


SAFETY CODE FOR AMUSEMENT PARKS 


*Sponsor bodies: National Association of Amusement Parks, and 
National Bureau of Casualty and Surety Underwriters 


G. P. 


SAFETY CODE FOR CONSTRUCTION WORK 


*Sponsor bodies: American Institute of Architects, and National 
Safety Council 
To be appointed (W. F. MEEHAN, Alternate) 


COOPERATION WITH OTHER ENGINEERING SOCIETIES 
Special committee of the American Society of Safety Engineers 
H. L. Miner 


SAFETY CODE CORRELATING COMMITTEE 
T. A. Watsu, Jr. (H. H. Jupson, Alternate) 


SAFETY CODE FOR EXHAUST SYSTEMS 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 
A.S.M.E. Representative 
J.C. Harpies (E. H. peContnau, Alternate) 


SAFETY CODE FOR FLOOR OPENINGS, RAILINGS, AND 
TOE BOARDS 


*Sponsor body: National Safety Council 
(To be appointed) 
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SAFETY CODE FOR FORGING AND HOT METAL 
STAMPING 


*Sponsor bodies: American Drop Forging Insitute and the National 
Safety Council 


O. F. LucKENBACH C. F. Park 


SAFETY CODE ON COLORS FOR IDENTIFICATION OF 
GAS MASK CANISTERS 


*Sponsor body: National Safety Council 
L. C. Licuty 


SAFETY CODE FOR LADDERS 
*Sponsor body: National Safety Council 
W. T. Harcs 


SAFETY CODE FOR LAUNDRY MACHINERY AND 
OPERATION 


*Sponsor bodies: Laundry Owners National Association, Association 
of Governmental Officials in Industry of U. S. and Canada, and 
National Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FACTORIES, MILLS, AND 
OTHER WORKS PLACES 


*Sponsor body: Illuminating Engineering Society 
L. A. BLACKBURN 


SAFETY CODE FOR LOGGING AND SAWMILL MACHINERY 


*Sponsor body: National Bureau of Standards 
J. H. Dickinson 


LOW VOLTAGE ELECTRICAL HAZARD 


Special Committee of the American Society of Safety Engineers— 
Engineering Section, National Safety Council 
J. P. JACKSON 


SAFETY CODE FOR MECHANICAL REFRIGERATION 
*Sponsor body: American Society of Refrigerating Engineers 


O. A. ANDERSON Crossy W. F. Jones 
(A. W. Oakey, Alternate to all A.S.M.E. Representatives) 


SAFETY CODE FOR PAPER AND PULP MILLS 
*Sponsor body: National Safety Council 
R. L. WELDON 


SAFETY CODE FOR POWER PRESSES, AND FOOT AND 
HAND PRESSES 


*Sponsor body: National Safety Council 
E. E. BARNEY 


SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 


*Sponsor bodies: National Fire Protection Association and U. S. 
Department of Agriculture 
J. H. Morrow R. M. Ferry 


SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


*Sponsor bodies: American Foundrymen’s Association and National 
Founders Association 


H. M. Lane 


SAFETY CODE FOR RUBBER MACHINERY 
*Sponsor bodies: National Safety Council, and International 
Association of Industrial Accident Boards and Commissions 
(To be appointed) 


SPECIFICATIONS AND METHODS OF TEST FOR SAFETY 
GLASS 


*Sponsor bodies: National Bureau of Casualty and Suret, Underwriters 
and National Bureau of Standards 


T. A. JR. 


SAFETY CODE FOR TEXTILES 


*Sponsor body: National Safety Council 
G. L. WARFIELD 


SAFETY CODE FOR UNDERGROUND POWER 
TRANSMISSION AND POWER EQUIPMENT 
FOR METAL MINES 


*Sponsor body: American Mining Congress, National Standardization 
Division 
(To be appointed) 
SAFETY CODE FOR VENTILATION 


*Sponsor body: American Society of Heating and Ventilating Engineers 
P. A. McKirrrick (L. H. Eacert, Alternate) 


SAFETY CODE FOR WALKWAY SURFACES 


*Spensor bodies: American Institute of Architects and National Safety 
Council 


W. M. Grarr 


SAFETY CODE FOR WINDOW WASHING 


*Sponsor body: National Safety Council 
W. G. BoyLe 


SAFETY CODE FOR WORK IN COMPRESSED AIR 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


L. J. Erpsen 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages 22, 25, and 28 
(Dates in parentheses denote expiration of terms) 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 


SECTION M, ENGINEERING 
(To be appointed) 


AMERICAN BUREAU OF WELDING 


JAMES PARTINGTON 


AMERICAN ENGINEERING COUNCIL 


(One year term) 
Doty 
R. E. FLanperRs 


W. L. Batt, Chairman 
L. P. ALForD 
J. W. Roe 
Alternates: E. W. O’Brien, E. L. OHLE 


AMERICAN STANDARDS ASSOCIATION 


Alternates: V.R. WiLLouGHBY 
C. B. LePaGre 


ALFRED IpDLEs (1937) 


AMERICAN YEAR BOOK CORPORATION 
C. E. Davies 


THOMAS ALVA EDISON FOUNDATION 
W.S. Frntay, Jr. 


THE ENGINEERING FOUNDATION 


W. H. Futwsicer (1936) A. E. Wurrte (1939) 
D. Rosert YARNALL (1936) 


RESEARCH PROCEDURE COMMITTEE 
W. H. Futweter (1936) 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 


NATIONAL BOARD 
C. E. Davins 


METROPOLITAN BOARD 
Ernest Hartrorp, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


C. F. HirsHrexip (1936) W. L. Barr (1937) 


W. E. WicKENDEN (1938) 
ENGINEERS NATIONAL RELIEF FUND 
W. A. SHoupy 


JOHN FRITZ MEDAL BOARD OF AWARD 
C. N. (1936) Paut Dory (1938) 
A. A. Porrsr (1937) R. E. Fuanpers (1939) 
GANTT MEDAL BOARD OF AWARD 


D. B. Porter (1936) F. E. Raymonp (1937) 
K. H. Connirt (1938) 


DANIEL GUGGENHEIM MEDAL FUND, INC. 


P. H. Apams (1936) B. M. Woops (1938) 
E. E. Atprin (1937) T. A. Morean (1939) 


JOSEPH A. HOLMES SAFETY ASSOCIATION 
O. P. Hoop 


HOOVER MEDAL BOARD OF AWARD 


S. F. Vooruess (1937) C. N. Laver (1939) 
W. H. Kenerson (1941) 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 
U. 8. NATIONAL COMMITTEE 


H. N. Davis Francis HopGkINson 


DISERENS 


Alternates: Berry, E. C. Hutcuinson 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
J. H. Herron 


NATIONAL FIRE WASTE COUNCIL 


H. O. Lacount J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


G. W. Kesey (1937)—WatTeR RAUTENSTRAUCH, Alternate 
H. V. Cogs (1938)—J. W. Ror, Alternate 
R. I. Regs (1939)—-C. W. Lytie, Alternate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


F. M. Farmer (1936) Bert HovGuton (1938) 
D. 8S. Jacosus (1936) C. E. Davis, Secretary, Ex-Officio 


ALFRED NOBEL PRIZE 
A. M. GREENE, JR. 


STUDY OF COAL 
JOINT COMMITTEE WITH THE A.I.M.E. 


A. D. Battery H. Drake Harkins” A. L. PENNIMAN, JR. 
E. H. Barry J.C. Hopss E. B. Ricketts 
F. M. Grpson E. H. Tenney 


UNITED ENGINEERING TRUSTEES, INC. 
D. RosBert YARNALL (1936) WALTER RAUTENSTRAUCH (1937) 
H. V. Cons (1938) 


ENGINEERING SOCIETIES MONOGRAPHS COMMITTEE 
C. B. Beck G. B. Pecram 


UNWIN MEMORIAL COMMITTEE 


AMBROSE Swasey, Honorary Chairman 
J. A. Gorr 
R. E. W. Harrison 


WESTERN SOCIETY OF ENGINEERS 


WASHINGTON AWARD 


C. B. (1936) O. A. Leutwiter (1937) 


WORLD POWER CONFERENCE, 1936 
AMERICAN NATIONAL COMMITTEE 
W. L. Barr 


J. A. Hau 
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Awards 


The following paragraphs deal with the awards, scholarships, 
and loan funds which come within the jurisdiction of the A.S.M.F. 
The Society also participates with other engineering societies in 
a number of joint awards. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-33. 

Life Membership, which may be conferred by the Council for dis- 
tinguished service to the Society; or secured by a member by pay- 
ment for an annuity in accordance with the provisions of the By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented for distinguished service in engineering and science. May be 
awarded for general service in science having possible application 
in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed for some 
great and unique act of genius of engineering nature that has accom- 
plished a great and timely public benefit. 

Worcester Reed Warner Medal, provision for which was made in 
the will of Worcester Reed Warner, Honorary Member of the Society, 
is a gold medal to be bestowed on the author of the most worthy 
paper received, dealing with progressive ideas in mechanical engi- 
neering or efficiency in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be presented for an original paper or thesis of exceptional 
merit, presented to the Society for discussion and publication, to 
encourage excellence in papers. The medal may be presented an- 
nually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meritorious 
service in the field of aeronautical engineering. This medal will be 
awarded at the discretion of the Council of the Society at approxi- 
mately three-year periods upon the recommendation of a Spirit of 
Saint Louis Medal Board of Award made up of six members, each 
appointed for a term of nine years and the terms of two members 
expiring at each three-year period. The St. Louis Section and the 
Aeronautic Division will each be responsible for the nomination of 
three members. 

Junior Award, annual cash award of $50, established in 1914, from 
a fund created by Henry Hess, Past Vice-President of the Society, 
to be presented, together with an engraved certificate, for the best 
paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, for 
the best papers or theses submitted by members of Student Branches. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President of 
the Society, to be awarded to a student of engineering, preferably 
a member of a Student Branch of the Society, for the best paper 
within the general subject of the ‘Influence of the Profession Upon 
Public Life.’’” The exact subject is assigned by the Committee on 
Honors and Awards, subject to the approval of the Council, and is 
announced each year through the Honorary Chairmen of the Student 
Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Max Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to students. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auziliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


1921 


1923 


1923 


1926 
1927 
1928 


1929 


1931 


1933 


1934 


1935 


1924 


1928 


1929 


1934 


1933 


1934 


1935 


1927 
1929 


1930 


1931 
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A.S.M.E. MEepDAL 


HJALMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm _ high- 
explosive shells, but also used extensively in gas shells and 
bombs 

FreDERICK ArTHUR Hatsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
Joun RipLtey FREEMAN, for his eminent service in engineering 
and manufacturing by his meritorious work in fire prevention 
and the preservation of property 

R. A. MILLIKAN, in recognition of his contributions to science 
and engineering 

WILFRED Lewis, for his contributions to the design and con- 
struction of gear teeth 

JuLIaN KeNnepy, for his services and contributions to the 
iron and steel industry 

Wituiam LeRoy Emmet, for his contributions in the develop- 
ment of the steam turbine, electric propulsion of ships, and 
other power-generating apparatus 

ALBERT KinGssury, for his research and development work 
in the field of lubrication 

AMBROSE Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wiis H. Carrier, in recognition of his research and develop- 
ment work in air-conditioning 

CuarLes T. Marn, for distinguished achievements in the 
textile and other industries, in engineering education, and for 
eminent service to the engineering profession. 


MEDAL 


HJALMAR GOTFRIED CARLSON, for his inventions and processes 
which made possible the timely production of drawn steel 
booster casings for artillery ammunition, thereby aiding vic- 
tory in the World War 

ELMER AMBROSE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctuating 
magnetic compass 

BARON CHUZABURO SuH1Ba, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinematographic 
methods 

Irvine LanGmutr, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films. 


WorcesteR REED WARNER MEDAL 


Dexter 8. Kimpatt, for his contributions to efficiency in 
management as exemplified by his recently revised ‘‘Principles 
of Industrial Organization’ and by his many articles, engi- 
neering society papers, and public addresses 

Raupu E. Fuanpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory of 
the design of elastic structures and the treatment of dynamics 
of moving machinery. 


MELVILLE MEDAL 


Lron P. Atrorp, ‘‘Laws of Manufacturing Management” 
WickHaM Rog, “Principles of Jig and Fixture Prac- 
tice” 

Herman DiepericHs Wituiam D. Pomeroy, “The 
Occurrence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

ArTHUR E. Grunert, ‘‘Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit System 
of Firing”’ 
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1932 
1933 
1935 


1929 
1932 


1935 


1915 
1916 
1919 


1921 
1922 


1923 
1924 
1925 
1927 
1928 
1929 
1930 
1931 
1932 
1933 


1934 
1935 


1916 


1917 


1919 


1920 
1921 


1923 


1924 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ALEXEY J. STEPANOFF, ‘‘Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

Wituram E. CaLpwe.t, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. WiKANDER, “‘Draft-Gear Action in Long Trains.” 


Spirit oF Saint Louis MEDAL 


DanIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pauw LitcHFiE.p, for his work in encouraging and sponsoring 
airship design and construction in this country 

Witt Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press 
over the radio, and from the speaker's platform. 


JuNIOoR AWARD 


Ernest O. Hickstein, “Flow of Air Through Thin Plate 
Orifices”’ 

L. B. McMuttan, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WuHatEn, “Properties of Airplane Fabrics”’ 

S. LoGan Kerr, ‘Moody Ejector Turbine” 

R. H. Heiman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees 
Fahrenheit”’ 

F. L. Kauxiam, ‘‘Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids”’ 

S.S. SANFoRD AND S. Crocker, ‘‘The Elasticity of Pipe Bends” 
R. H. Hettman, ‘Heat Losses Through Insulating Material’’ 
GILBERT S. ScHALLER, ‘‘An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

Wma. M. Frames, ‘‘Stresses Occurring in the Walls of an Ellip- 
tical Tank Subjected to Low Internal Pressure”’ 

M. D. AIsENSTEIN, ‘‘A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

ARTHUR M. ‘Stresses in Heavy, Closely Coiled Helical 
Springs” 

Ep Sincuair Smita, Jr., ‘‘Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments’’ 
Epmonp M. WaaGnenr, ‘“‘Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder”’ 
TOWNSEND TINKER, ‘‘Surface Condenser Design and Operat- 
ing Characteristics” 

Joun I. YELLoTT, Jr., ‘““Supersaturated Steam”’ 

Stantey J. Mrxina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery.” 


StupENT AWARD 


Boynton M. GREEN, Stanford University, ‘‘Bearing Lubrica- 
tion”’ 

Howarp STEVENS, Rensselaer Polytechnic Institute, ‘‘An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apam, Louisiana State University, ‘‘The Adaptability of 
the Internal Combustion Engine to Sugar Factories and 
Estates”’ 

H. R. Hammonp anv C. W. HotmBerG, Pennsylvania State 
College, ‘‘Study of Surface Resistance With Glass as the 
Transmission Medium” 

C. F. Lew anp F. G. Hampton, Stanford University, 
Experimental Investigation of Steel Belting” 

W. E. Hetmick, Stanford University, ‘‘An Experimental 
Investigation of Steel Belting” 

Howarp G. ALLEN, Cornell University, ‘‘Wire Stitching 
Through Paper’”’ 

Karu H. Wuite, University of Kansas, ‘Forces in Rotary 
Motors”’ 

Ricuarp H. Morris anp ALBERT J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Herschel 
Type of Improved Weir” 

F. O_msTEAD, University of Minnesota, ‘‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doouitr.x, University of California, ‘‘The Integrating 
Gate: A Device for Gaging in Open Channels” 

GerorGe Stuart Ciark, Stanford University, ‘*Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants”’ 

L. J. FRANKLIN AND CHARLES H. Situ, Stanford University, 
“The Effect of Inaccuracy of Spacing on the Strength of 
Gear Teeth” 


1925 


1926 


1927 


1928 


1929 


1930 


1931 


1932 


1933 


1934 


1935 


1927 
1928 
1929 
1931 
1932 
1933 
1934 
1935 


Harry Prask Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resist- 
ance of a Barge Model” 

W.S. MontGomery, Jr., AND E. Ray Enpers, Jr., Pennsyl- 
vania State College, ‘‘Some Attempts to Measure the Drawing 
Properties of Metals”’ 

R. E. Peterson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens” 
Crem G. Hearp, University of Toronto, ‘Pressure Distribu- 
tion Over U. 8. A. 27 Aerofoil With Square Wing Tips Model 
Tests” 

ALFRED H. MarsHa.u, Princeton, ‘‘Evaporative Cooling” 
RoGeEr Irwin Esy, University of Washington, ‘‘Measurement 
of the Angular Displacement of Flywheels”’ 

CLARENCE C. FRANCK, Johns Hopkins University, ‘‘Condition 
Curves and Reheat Factors for Steam Turbines” 

FRANK VERNON Bistrom, University of Washington, ‘An 
Investigation of a Rotary Pump” 

Wa Wuirte, University of Washington, ‘‘An 
Investigation of a Rotary Pump” 

GERARD EpEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
‘High-Temperature Oxidation of Steel” 

Harotp L. Apams anp L. Stiru, University of 
Washington, ‘‘A Wind Tunnel for Undergraduate Laboratory 
Experiments” 

JuLes Popnossorr, Polytechnic Institute of Brooklyn, 
“Pressure and Energy Distribution in Multi-Stage Steam 
Turbines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, ‘‘Factors Affecting 
Spray Pond Design” 

Wiuiiam A. Mason, Stanford University, ‘‘An Experimental 
Investigation of the Flame Propagation in Internal-Combus- 
tion Engines” 

Hueco V. Corpiano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Alloys” 
James A. OstTRAND, Jr., Princeton University, ‘‘Sudden 
Enlargement in the Open Channel” 

H. Rerynotps Hvupson, Georgia School of Technology, 
“Dynamic Balance and Functional Utility Applied to Auto- 
motive Design” 

CHARLES P. Bacua, Rutgers University, ‘‘The Behavior of 
Metals Subjected to Combined Stress” 

Ropert W. Beat, Oregon State College, ‘‘Do Lubricating 
Oils Wear Out?” 


CHARLES T. Main Awarp 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: ‘‘The Influence of the Locomotive on the Unity of the 
United States”’ 

W. ©. Saytor, Johns Hopkins University. Subject: ‘The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No award. Subject: ‘‘Scientific Management and Its Effect 
Upon the Industries”’ 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: ‘Scientific Management and Its Effect Upon Manu- 
facturing”’ 

Jutes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: ‘“‘The Value of the Safety Movement in the Industries”’ 
Rosert E. Kuisr, University of Michigan. Subject: ‘‘Inter- 
changeability—Its Development and Significance in Industry”’ 
MARSHALL ANDERSON, University of Michigan. Subject: 
“‘Apprenticeship and Vocational Training”’ 
GeorcGe D. WiLkinson, Jr., Newark College of Engineering. 
Subject: ‘‘Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Puiip P. Sevr, Colorado State College, ‘Air Conditioning— 
Its Practicability and Relation to Public Welfare”’ 

G. WiiuiaMs, Lafayette College. Subject: ‘‘Co- 
ordinated Transportation—An Economie Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul.” 


FREEMAN TRAVEL SCHOLARSHIP 
Hersert N. Eaton 
BLAKE R. Van LEER 
Rosert T. Knapp 
REGINALD WHITAKER 
G. Ross Lorp 


H. J. Casgy 


Vicror L. STREETER 
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1925 
1926 

1927 

1928 

ee 1930 

1931 

iF 

Tien 1932 

1933 

1935 
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Honorary Members 


HONORARY MEMBERS IN 
PERPETUITY 


ELECTED DIED ELECTED DIED 


MARSHAL FERDINAND . 1921 1929 Siemans ... 1882 1883 
ALEXANDER LyMAN Hottey, Founder of the CHARLES Dovatas Fox . 1900 1921 Viscount Surpusawa 1929 1931 
Society. Died 1882. Joun Riptey FREEMAN . 1932 1932 Henry Rospinson Towne . . 1921 1924 
Joun Epson Sweet, Founder of the Society. JOHN Frits - 1900 1913 Hunrt Tresca . . . 1882 1885 
Died 1916. Mason-Generat Wiutam CawTHorne UNxwin 1898 1933 
Henry Rossiter WortHinGTon, Founder of WasHINGTON GorTHALs . . 1917 1928 Oskar von Mier. . . . . 1912 1934 
the Society. Died 1880. FRANZ GRASHOF ,. 1884 1893 Francis A. WALKER ... . 1886 1897 & 
Rear-ApiraL Robert STAn- WorcesTeR REED WARNER . 1925 1929 
ISLAUS GRIFFIN. . . . . . 1920 1933 WesTINGHOUSE . . . 1897 1914 
DECEASED HONORARY MEMBERS Orro HaLLAUER . . . 1882 1883 Sir Henry Wuite . 1900 1913 
CHARLES HAYNES HASWELL . 1905 1907 Str ALFRED FERNANDEZ YAR- 
ELECTED DIED FRIEDRICH GUSTAV HERRMANN 1884 1907 
Horatio ALLEN... . . . 1880 1889 Gustav ApotpH Hirn. . . . 1882 1890 
Srr WILLIAM ARROL. .. 1905 1913 JosepH Hirsco...... . 1889 1901 
WaLtace Arrersury 1925 1935 Ira N. . . . - + 1928 1930 LIVING HONORARY MEMBERS 
BENJAMIN BaKkeR .. . . 1886 1907 RoBeRT WooLston Hunt . . 1920 1923 
JOHANN BausCHINGER. . . . 1884 1893 BENJAMIN FRANKLIN ISHER- ELECTED 
Henry BESSEMER... 1891 1898 woop... . . 1894 1915 Str AupLey FrReEepeRIcK As- 
Str FREDERICK JOSEPH BraM- Henri Léau Th. . 1891 1916 PINALL .. . 
Weil . . . . . 1884 1903 Erasmus DARWIN Leav itr . 1915 1916 Mortimer ELwyn Cooter 
JoHN ALFRED BRaSHEAR. . . 1908 1920 ANATOLE Matter .. . . . 1912 1919 Freperick . 1934 
GusTave CANET ..... 1900 1908 CHARLES H. MANNING .. 1913. 1919 CHARLES DE FR&MINVILLE .. . 1919 
ANDREW CARNEGIE .... . 1907 1919 ReAR-ADMIRAL GEORGE Wat- NATHANAEL GREENE H=RRESHOFF . 1921 
DaNIEL KINNEAR CLARK. . 1882 1896 LACE MELVILLE. . 1910 1912 HersBert Hoover. .... 1925 
Jutivs EMMANUEL Tue HonoraBLe Sir CHARLES Davip ScHENCK Jacopus . . . . . 1934 
Cuiavusivs ....... 1882 1888 ALGERNON Parsons. . . . 1920 1931 Masawo Kamo ........ 1929 
Str Goope .... . . 1889 1892 CHARLES TaLBoT Porter . . 1890 1910 LECHATELIER .. 1927 
Peter . 1882 1883 AvGuste C. E. Ratgau .. 1919 1930 Granpe UFFiciaLeIna. P10 PERRONE 1920 
CARLGUSTAF Patrick DEL AVAL 1912 1913 SrrEpwarp J. Reep ... . 1882 1906 CHARLES M.ScHwasp ...... 1918 
RupoipH Diese, ..... . 1912 1913 Franz Revteaux ..... 1882 1905 ........ 1916 
JAMES DREDGE. . 1886 1906 Catvin Winsor Rice... . 1931 1934 THomson. . . . 1930 
Victor Dwe.LsHau vers-DERY 1886 1913 PautmerC. Ricketts ... . 1931 1934 MatTrHews 1920 
Tuomas Atva Epison. . . . 1904  =1931 HENRI ADOLPHE-EUGENE RicHT HonNoRABLE Lorp WEIR .. 1920 
ALEXANDRE GuSTAVE EIFFEL . 1889 = 1923 ScHNEIDER. ...... 1882 1898 ........ 1918 
Past-Presidents 
A list of past vice-presidents, managers, treasurers, and secretaries 1906 FREDERICK WINSLOW TAYLOR (1915) 
will be found in the 1930 Record and Index, pages 10-12. Dates in 1907 FREDERICK REMSEN HutTrTon (1918) 
parentheses denote year of death. 1908 Mrnarp LaFEVER HotMan (1925) 
ALEXANDER LYMAN Ho..ey, Chairman of the Preliminary Meeting for 
Organization of The American Society of Mechanical Engineers (1882) nonce WesTincHovss ( ) ‘ 
1911 Epwarp Danret MEIER (1914) 
1880-1882 Rospert Henry THurston (1903) 1912 ALEXANDER CROMBIE HumpuHREYs (1927) 
1883 Erasmus Darwin Leavitt (1916) 1913 WILuiaAM FREEMAN Myrick Goss (1928) 
1884 JoHN Epson Sweet (1916) 1914 JAMES HarRTNESS (1934) 
1885 JosppHus Fiavius Hottoway (1896) 1915 JoHN ALFRED BRASHEAR (1920) 
1886 COLEMAN SELLERS (1907) 1916 Davin ScHEencK JAcoBUSs 
1887 GeorGe H. Bascock (1893) 1917 Ira Netson Ho (1930) 
1888 Horace See (1909) 1918 CHARLES THOMAS MAIN Sighs 
1889 Henry Ropinson Towne (1924) 1919 MortTIMER Etwyn Coo.tey 
1890 OBERLIN SMITH (1926) 1920 Frep J. MILLER asd 
1891 RosBert Woo.tston Hunt (1923) 1921 Epwin S. CARMAN 
1892 CHARLES HarpinG Lorine (1907) 1922 Dexter Stmpson KIMBALL 
1893-1894 Eck.iey Brixton Coxe (1895) 1923 Joun Lyte HARRINGTON 
1895 Epwarp F. C. Davis (1895) 1924 FREDERICK Rouutns Low (1936) vm z 
1895 CHARLES ETHAN BILLINGs (1920) 1925 WILuiAM DuRAND 
1896 Joun Fritz (1913) 1926 Lamont ABBOTT 
1897 Worcester Reep WARNER (1929) 1927 CuHarLes M. ScowaB 
1898 CHARLES WALLACE Hunt (1911) 1928 Autex Dow 
1899 GeorGe WALLACE MELVILLE (1912) 1929 ELMER AMBROSE SPERRY (1930) 
1900 Hitt Moraan (1911) 1930 CHARLES (1933) 
1901 SaMvUEL T. WELLMAN (1919) 1931 Roy V. Wricat 
1902 Epwin Reynotps (1909) 1932 Conrap N. Laver 
1903 James Mapes Dopce (1915) 1933 A. A. Porrer = 
1904 AMBROSE SWASEY 1934 Paut Dory 
1905 Joun RipLteY FREEMAN (1932) 1935 Raupu E. FLANDERS 
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Index to Committees 


The page numbers in this section are preceded by the letters ‘‘RI,'’ which are omitted in the following index. 


Abbreviations and Symbols..... 24 
Abrasive Wheels, Safety........ 28 
Acoustical Measurements....... 25 
Administrative, Special......... 8 
§ 
Advisory Board on Professional 
7 
Advisory Board on Standards 
Advisory Board on Technology.. 7 
Advisory Boards, Management 
Aeronautic Div., Exec.......... 9 
Aeronautics, Safet 28 
Aircraft Safety an ee. 28 
Air Navigation Obstructions. 26 
Alfred Nobel Prize. . : 30 
Allowances and Tolerances, 
25 
American Association for Ad- 
vancement of Science........ 30 
American Bureau of Welding... 30 
American Engineering Council.. 30 
American Marine Standards.... 25 
American Standards Association 30 
American Year Book Corpora- 
Amusement Parks, Safety...... 28 
API-ASME on Unfired Pressure 
Applied Mechanics Div., Exec. 9 
ASCE Power Div., Cooperation 
with. 
Ash Remov: al, ‘Powdered-Coal 
21 
Automatic Oil Pipe Line Pump- 
22 
Awards. See Honors and Awards 
Ball and Roller Bearings....... 22 
Bearings, Heavy-Duty Anti- 
21 
Biography Advisory........... 8 
Board of Review (Delinquent 
Boiler Code. . 
Boiler Feedwater Studies. . 21 
Boiler Furnace Refractories. . 21 
Boiler Furnaces, Radiant Heat... 21 
Bolt, Nut, et Proportions... 22 
Calvin W. Rice Memorial...... 8 
26 
Certificates of . 7 
Chucks and Chuck Jaws....... 23 
Cinders and Fly Ash........... 9 
Circular Forming Tools........ 23 
Citizenship (Manual on)....... 7 
Coal, Classification of.......... 26 
Coal, Clean Bituminous. . 26 
Coal-Handling Equipment...... 26 
Coal Mines, Drainage of....... 26 
30 
Colleges, Relations With....... 6 
Compressed Air, Work in, Safety 29 
Compressors and Blowers...... 7 
Compressors and Blowers, Dis- 
27 
Condensers, Water Heating, and 
Cooling Equipment.......... 27 
Condenser Tubes.............. 21 
Constitution and By-Laws...... 5 
Construction Work, Safety..... 28 
Conveyors and Conveying Ma- 
28 
Cooperation, Safety............ 28 
Correlating Committee, Safety.. 28 
22 
Cotton Seed Processing........ 22 
Council, Executive............ 5 
Council, 7 
Cranes, Derricks, Hoists, 28 
Cut and Ground Thread 'T ‘aps.. 23 
Cutting Metals.............. 10, 20 
Cutting Tools, Single Point..... 24 
Daniel Guggenheim Medal 
Definitions and Values, Power 
Delinquent Members.......... 7 
Design of Boilers, Special....... 7 
Displacement Pumps, Recipro- 
cating Steam-Driven......... 27 
Drawings and Drafting Room 
Dust Explosions, Safety........ 4 
Dust Separating aratus..... 
Economic Status of Engineer. 
Edison Foundation............ 
Education and Training........ 
Effect of Temperature, 
Electrical Definitions.......... 


Electric Motor Frames......... 24 
Electric Sockets and Lamp 
Bases, Rolled Threads for 
Screw Shells of.............. 25 
Electric Welding.............. 2 
Electric Welding Dies and Elec- 
23 
Elevator Safeties.............. 20 
Elevators, Safety.............. 28 
7 
Engineering Foundation........ 30 
Engineering History........... 7 
Engineering Registration....... 30 


Engineering Societies Employ- 
Engineering Societies Mono- 


graphs Committee........... 30 
Engineers’ Council for Profes- 
sional Development.......... 30 
Engineers’ Nationa] Relief Fund 30 
Evaporating Apparatus........ 27 
Exhaust Systems, Safety....... 28 
Feedwater Studies, Boiler...... 21 
Ferrous Materials............. 6 
Fire Tests of Building Construc- 
tion and Materials........... 26 
Floor Openings, Railings, and 
Toe Boards, Safety.......... 28 
Forest Fire Protection......... 26 
Forging and Hot Metal Stamp- 
Foundry Equipment and Sup- 
Foundry Practice.............. 9 
Freeman Scholarship........... 8 
Fritz Medal Board of Award.... 30 
26 
Fuels, Calorific Values......... 28 
Fuels, Power Test Codes....... 27 
Furnaces, Dimensioning for 
Burning Solid Fuel.......... 25 
Gages, Allowances and 
ances. . 25 
Gages, Pressure and ‘Vacuum... 25 
Gages, Wire and Sheet Metal... 24 
Gantt Medal Board of Award... 30 
Gas Mask Canisters, Safety..... 29 
Gas Transportation. . 11 
Gears. . 
Gear Teeth, Strength of........ 20 
General Instructions, Power Test 
George Westinghouse Bust..... 8 
George Westinghouse Memorial 8 
Graphic Arts Div., Exec....... 9 
Graphic Presentation.......... 24 
Guggenheim Medal Fund.. 30 
Heat Transfer.. 
Highway Research. . re 
Holmes Safety 30 
Honors and Awards............ 5 
Hoover Medal Board of Award.. 30 
Hose Couplings, Screw Threads. 25 
Hydraulic Div., Exec........... 9 
Hydraulic Prime Movers....... 27 
Identification of Piping Systems 23 
Industrial Aerodynamics....... 9 
Industrial Foundry Workers, 
Industries, Education and Train- 
5 
of Boilers, Rules. . 7 
Instruments and Apparatus, 
Power Test Code............ 27 
Internal Combustion Engines... 27 
International Electrotechnical 
30 
Iron and Steel Bars............ 25 
Iron and Steel Div., Exec....... 9 
23 
John Frits. Medal Board of 
30 
Joint Activities................ 8 
Joseph A. Holmes Safety Assn... 30 
Journal of Applied Mechanics.. 9 
Ladders, Safety............... 29 
Laundry Machinery, Safety.... 29 
Lighting Factories, Mills, Safety 29 
Local Sections, Exec........... 14 
Local Sections, Standing....... 5 


Locomotives, Boilers of........ 
Logging and Sawmill Machin- 
29 


Low Selene Electrical Hazard.. 29 


Lubrication Engineering........ 10 
Machine Design............... 10 
24 
Machinery, Compressed Air, 
Machine Shop Practice Div., 
23 
Machine Tool Elements. . 23 
Machine Tools, Designations 
and Working Ranges......... 23 
Management  Div., 
Boards. . 10 
Management Div., 10 
Manhole Frames and Covers.... 26 
Manual of Practice............ 8 


Manual on Citizenshi 7 
Materials Handling iv., Exec. 10 
Material Specifications......... 7 


Measures of Management..... . 21 
Mechanical Power-Transmission 
Apparatus, Safety........... 2: 

Mechanical Refrigeration, Safety 29 
Mechanical Springs............ 20 
Meetings and Program.. a 
Membership. See Admissions 
Metal Mines, Safety........... 29 
Metals, Cutting of........... 10, 20 


Metals, Effect of Temperature.. 21 
Metals, Fatigue Phenomena of.. 22 
Milling 23 
Milling Machine Tables........ 23 
Miniature Boilers. . 7 
Multiple Spindle Drilli: Heads +4 
National Defense Div. ing 
National Fire Waste 30 
National Management Council. . 30 
National Research Council... .. 30 
30 
Nomenclature, Machine Tools.. 23 
Non-Ferrous Materials. . 7 
Non- earoes Metals and Alloys. 22 
Oil and Gas Power Div., Exec... 10 
Power Cost Report, 


Oil Transportation............. 11 
Oil Wells, Rotary Drilling Prime 
22 


Paper and Pulp Mills, Safety... 29 
Petroleum Div., Exec.......... 1l 
Petroleum Production.. 

Petroleum Products and Lubri- 


26 
Petroleum Refining............ ll 
Petroleum S 26 
Pipe Flanges and Fittings...... 23 
Piping . 23 
Plain and Lock Washers........ 24 
Policies and Budget............ 8 
Power Test Codes, Standing. . 6 


Power Test Codes, Technical... 26 
Practice Manual.............. 


29 
Pressure and Vacuum Gages.. 25 
Pressure Piping, Code for....... 24 
Pressure Vessels in Service...... 
Prime Rotary Drilling, 

22 
ey Industries. See Graphic 

ts 


Process Industries Div., Exec.... 11 
Professional Conduct.......... 6 


9 
Professional Div., Standing..... 5 
Professional 7 


Publications, Standing......... 
Fuel Sampling 
Stations, 


Pi 
Pumps, Be and Rotary. 


Punch Press Tools............. 
Refractories, Boiler Furnace.... 21 


Refractory Materials, Properties 22 


RI-34 


Refrigerating Systems.......... 27 
Registration of 8 
Relations With Colleges........ 6 


Representatives on Other Ac- 


22, 25, 28, 
Research, Special. . 
Rice Memorial................ 8 
Rock Steels. . 22 


Rolled Threads for Screw Shells 
of Electric Sockets and Lamp 


25 
Rotating Electrical 26 
Tool Shanks..... 23 
Rubber Machinery, Safety.. 29 
Safety Glass, Specifications ‘and 

Safety, 
Safety, Technical. . 2 


6 
8 
St. Louis Medal Board of Award 8 
Samplin ng Pulverized Fuel... ... 22 
Saws and Knives.............. 12 
Scientific and Engineering waive 


bols and Abbreviations. . 4 
Screw Threads, 25 
Shaft Couplings. . 7 
22 
Sieves Testing Purposes. . 26 
23 
Specifications, Material........ 7 
Speeds of Machinery.....:..... 25 


Spindle Noses...... 
Spirit of St. Louis Medal venus 


of Award.. 8 
Splines and Splined ‘Shafts.. 23 
Springs, Mechanical............ 20 
Standardization, Standing...... 
Standardization, Technical..... 22 


Standards and Codes, Advisory 
Board....... 


Statistics in Engineering and 

Manufacturing. 7 
Steam Boilers, Critica! Pressure. 22 
Steam Boilers in Service, Care of 6 
Steam Engines, Reciprocating. . 27 


Steam Generating Units, Sta- 
Steam Locomotives............ 27 
Steam Power Plants........... 27 
Steam, Thermal Properties... . . 20 
2 


Steel and Iron Bars. . 
Strength of Vessels. . 
Student Branches............. 
Surface Qualities 


Symbols and Abbreviations. . 24 
Technical, Special. . .6, 20, 22, 26, 28 
Technology, Advisory Board.. 7 
26 
12 
Thomas Alva 30 
Tool Holders. . 23 
26 
Trackwork Manufacturing Ma- 
26 
Translations and Terminology 
Transmission Chains and 
Sprockets Ree 24 
23 


2 
Unfired Pressure Vessels, API- 
_ASM 


7 
United Engineering Trustees.... 30 


Unwin Memorial.............. 30 
Ventilation, Safety............ 29 
Walkway Surfaces, Safety...... 29 
Washers, Plain and Lock...... 24 
10 
Water Heating, Volume........ 26 
Welding (Boiler Code)......... 7 


Welding (Machine Shop 10 
Western Society of Engineers... 30 
Westinghouse Bust............ 
Westinghouse Memorial. . 
Window Washing, Safet 
Wire and Sheet Metal 


Wire Rope (Research)......... 
Wire Rope for 
Wood Industries Div., Exec.. 12 


World Power Conference....... 30 
Worm 
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of The American Society of Mechanical Engineers 
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Memorial Notices of Deceased Members 


Part I of Soctety Records for the 
year 1936, containing Council 
and Committee Personnel and 
other general information, 
was issued as Section Two of 
the Transactions for 
February, 1936 
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of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


Publication Office, 20th and Northampton Streets, Easton, Pa. 
Editorial Department at the Headquarters of the Society, 29 West Thirty-Ninth Street, New York, N. Y. 


Includes Aeronautical Engineering 


VICE-PRESIDENTS 


Terms expire December, 1936 
Euceng W. O'Brien 
amzes H. Herron 
arry R. Westcott 


Terms expire December, 1936 
ames A. Hatt 
RNEsT L. OnLE 

James M. Topp 


TREASURER 
W. D. Ennis 


Members of Council, 1936 


PRESIDENT 
L. Barr 
PAST-PRESIDENTS VICE-PRESIDENTS 
Terms expire December Terms expire December, 1937 
‘Roy V. Wricut 1936 Avex D. Baitey 
ConraD N. Laver 1937 Joun A. Hunter 
A. A. Porrsr 1938 R. L. Sackett 
Paut Dory 1939 Wituiam A. SHoupy 
E, Franpers 1940 
MANAGERS 
Terms expire December, 1937 Terms expire December, 1938 
Bennett M. BricmMan Wan. Lyte Duptey 
Jices W. Hangy Watrter C. Linpemann 
IppLEs James W. Parker 
SECRETARY 
C. E. Daviess 


Chairmen of Standing Committees of Council 


ADMISSIONS, R. H. McLain 


POWER TEST CODES, R. H. Fernarp, Chairman 


HONORS AND AWARDS, H. Dizpericus PROFESSIONAL CONDUCT, E. R. Fisn 
CONSTITUTION AND BY-LAWS, H. H. Sne.iinc PROFESSIONAL DIVISIONS, K. H. Conpit 
EDUCATION AND TRAINING FOR THE INDUSTRIES, PUBLICATIONS, S. W. Dup.ey 


J. Freunp 
FINANCE, Watrer 
LIBRARY, E. P. Worpen 
LOCAL SECTIONS, W. L. Duper 


RELATIONS WITH COLLEGES, E. W. Bursanx 
RESEARCH, N. E. Funx 

SAFETY, W. M. Grarr 

STANDARDIZATION, A. 


MEETINGS AND PROGRAM, E. C. Hurcuinson 


(Acting Chairman, R. I. Ress) 


S. W. Dup.ey, Chairman 


Committee on Publications 
Advisory Members 


G. F. Bateman M. H. Roserts W. L. Duptey, Waso. L. S. Marxs, Mass. 
C. B. W. F. Ryan, Vice-Chairman J. M. Topp, New Oreans, La. L. N. Rowxay, Jr. (Junior Memaer ) 
Eprror: A. Stetson A.N. Gopparp, Detroit, Micn. O. B. Scuigr, 2p (Junior Memaer) 


By-Law: The Society shall not be responsible for statements or opinions advanced in papers or . . . printed in its publications (B2, Par. 3). 


Entered as second-class matter March 2, 1928, at the Post Office at Easton, Pa., under the act of August 24, 1912. Price $1.50 a copy, $12.00 a 
year; to members and affiliates, $1.00 a copy, $7.50 a year. Changes of address must be received two weeks before they are to be effective on our 
mailing list. Please send old, as well as new, address. 
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Memorial Notices 


HE purpose of Memorial Notices is to place on permanent record the biographical 

and professional data relating to deceased members of The American Society of 

Mechanical Engineers. Hence every effort is expended to insure accuracy, and to 
make the notices as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent member, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are themselves no longer alive, so that it is difficult to obtain assistance from 
this source. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his 
family cannot be found. While all these factors add to the difficulty of obtaining 
accurate and fairly complete data, every possible source of information is explored, 
with the result that publication of the notice is sometimes delayed. 

During the past year the Committee on Publications has, in the case of many 
deceased members, asked former friends and associates to prepare the obituary. 
The object is to secure a final record that will be more valuable for having been pre- 
pared by men who knew the deceased and are competent to evaluate his work. 
Memorials prepared in accordance with this recent policy are signed by those who 
wrote them or who collaborated in their preparation. To all persons who have thus 
cooperated, the Committee acknowledges its gratitude. 

The Committee has also established most helpful and cordial contacts with other 
societies in the preparation of these notices. As members of this Society are some- 
times members of others also, collaboration in the preparation of obituaries holds the 
possibility of securing a more completely authoritative record. Several obituaries 
published with this series will be found to have been republished in full from the 
records of other societies, or to have been adapted from these records. To these 
societies, and to their members who prepared the obituaries so used, the Committee 
wishes to express its thanks. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encyclopedia of American 
Biography, National Cyclopedia of American Biography, and New International 
Year Book; the technical and daily press; colleges and universities and their alumni 
associations; and to engineering and other societies which have supplied information 
from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Notices 


CARL RICHARD AHLQUIST (1897-1935) 


Carl Richard Ahlquist died in his native city of Denver, Colo., 
on June 3, 1935, of pneumonia. He was born on February 7, 1897, 
son of Charles Augustus and Caroline (Ditloff) Ahlquist. He at- 
tended the grade schools and the Manual Training High School in 
Denver and subsequently took special courses at the School of Com- 
merce of the University of Denver. 

Early in 1918 Mr. Ahlquist entered the employ of the Gates Rubber 
Company, Denver, in the capacity of architectural and mechanical 
draftsman. A few years later he was promoted to the position of chief 
engineer, with supervision over all construction, equipment, opera- 
tion, and maintenance. He remained with the company until July 
1, 1934, and was not employed at the time of his death. 

Mr. Ahlquist became an associate-member of the A.S.M.E. in 1930. 
He was secretary of the Denver Exchange Club from 1931 to 1933 
and was a Royal Arch Mason. He was gifted in painting and crayon 
work, and also in clay modeling, and was especially fond of flowers 
and of hunting and fishing. Surviving him is his widow, Ethel 
Lorena (Weaver) Ahlquist, whom he married in 1923. 


ROBERT ANGUS (1842-1935) 


Robert Angus, of London, Ontario, Canada, died on January 16, 
1935, at the advanced age of 93 years. He was born at Kingston, 
Ontario, Canada, on January 11, 1842, of Scottish parentage, and 
moved with his parents to the vicinity of London when he was less 
than ten years old. 

He had little opportunity for systematic schooling in that district, 
but having been apprenticed to the Honorable Elijah Leonard, a 
builder of sawing machines, threshing outfits, and water turbines, he 
entered the machinist’s trade and began a long course of reading and 
private study by which he acquired a valuable technical knowledge. 
This firm later built steam engines, and Mr. Angus took a keen in- 
terest in steam engineering until within a few months of his death. 

In 1874 he made the complete designs and drawings for a steam 
pumping engine for the St. Thomas, Ontario, waterworks, and had 
charge of the building and erection of this machine. The following 
year he designed and superintended the building and erection of a 
pumping engine for Sarnia, Ontario, and both machines were most 
successful. While with the Leonard firm, he designed complete 
lines of steam engines and boilers and other equipment. 

When, in 1880, E. Leonard & Sons acquired from F. H. Ball the 
rights to build the Ball engine and governor in Canada, Mr. Angus de- 
signed the engines with which the special governor was used, and 
made many improvements in this type of machinery, acquiring great 
skill in the operation and adjustment of the governor. The latter 
was very sensitive and each type used required very nice adjustment 
of the moving parts to make the engine govern properly. 

For several years, after 1888, he was master mechanic of the Stand- 
ard Oil Company in Cleveland, Ohio, and during that time he was 
responsible for the design and building of a great deal of new equip- 
ment, just then being developed by the company for the purifying of 
Lima oil. 

Up to within about ten years of his death he continued a consulting 
practice and kept himself remarkably up-to-date on engineering and 
other matters. 

He joined the A.S.M.E. in 1891, being the first Canadian member 
west of Montreal. He was also a member of the Engineering Insti- 
tute of Canada. His two sons, Professor Robert W. Angus, Uni- 
versity of Toronto, and H. H. Angus, consulting engineer, Toronto, 
have been members of the A.S.M.E. for many years.— | Memorial pre- 
pared by Ropert W. Anovus, Toronto, Ontario, Canada. Past Vice- 
President, A.S.M.E. | 


WILLIAM WALLACE ATTERBURY (1866-1935) 


Many technically trained mechanical engineers, after extensive 
experience in railroad service, have become associated with allied in- 
dustries and have advanced to high and important executive posi- 
tions. Very few, however, have become chief executives of railroads. 
The late William Wallace Atterbury, an honorary member of the 
A.S.M.E., is the most outstanding example of such advancement. 

What qualities, beyond that of a technical training, equipped him 
to become one of the great railroad executives of his generation—not 
alone as the chief executive of one of the world’s largest and most im- 
portant railway systems in an exceedingly difficult period in American 
railroad development, but also as director general of transportation 


of the American Expeditionary Forces in France, a position in which 
he rendered invaluable service during the World War? 

A satisfactory answer to this question would require an extended 
biographical treatise, comparable with those which have been pub- 
lished by the Society in recent years, and it is sincerely to be hoped 
that ways and means may be found for publishing such a biography. 
I shall attempt here to designate only a few of the more prdminent 
characteristics which accounted for General Atterbury’s unusual 
success. 

William Wallace Atterbury was born at New Albany, Ind., on 
January 31, 1866, the son of John G. and Catherine (Larned) Atter- 
bury, and spent his early life in Detroit, Mich. He was graduated 
from Yale University in 1886 and shortly thereafter, on October 11, 
became an apprentice on the Pennsylvania Railroad, at Altoona, 
Pa. An apprenticeship in those days was no sinecure; the pay was 
five, seven, and nine cents an hour for the first three years. The 
working hours were 7:00 a.m. to 12 noon; 12:30 p.m. to 6:00 p.m., 
except on Saturday, when the shops shut down at 5:00 p.m. When 
business was rushing the shops were also open three evenings a week, 
from 7:00 p.m. to 1:00 a.m. Hard work; but happy days, according 
to the reports of Atterbury’s associates in those early days. 

James Millikan, who preceded Atterbury as an apprentice at Al- 
toona by a few months, looked him up shortly after he reported and 
asked him where he lived. ‘I am rooming with Old Tom” (the com- 
pany night policeman, and a fine, loyal fellow, who weighed more than 
300 Ib), said Atterbury. ‘He sleeps in the bed in the daytime and I 
sleep there at night.”” And then, according to Millikan, “he threw 
back his head and laughed that gay, contagious laugh for which he 
was noted all his life—the laugh that brought him many friends and 
carried him over many difficulties.” 

At the end of his apprenticeship in 1889, Atterbury was sent to 
Philadelphia and then to Derry, on the Pittsburgh division, as assist- 
ant road foreman of engines. There he came under J. K. Russell, 
a sterling, loyal, practical, old-time railroader—a just and stern disci- 
plinarian. Atterbury, in later life when dealing with difficult labor 
problems, frequently acknowledged his indebtedness to Russell, who 
taught him the true value of organization and discipline, with fair- 
ness at all times, justice and discipline being tempered with mercy. 

Atterbury served as assistant road foreman of engines on other 
divisions and in 1892 was promoted to assistant engineer of motive 
power of the Pennsylvania’s Northwest System. In 1893 he was 
made master mechanic at Fort Wayne, Ind. Here his vigorous and 
successful handling of the strike of enginemen and trainmen in 1894 
brought his abilities as an executive to the attention of those in 
authority, and on October 26, 1896, he was made superintendent of 
motive power of the Pennsylvania Lines East of Pittsburgh and 
Erie. Young college graduates, serving as special apprentices at 
Altoona during these years, recall with appreciation and enthusiasm 
the invitations for Sunday dinners in the Atterbury home. He was 
advanced to general superintendent of motive power on October 1, 
1901. 

Always of an inquiring mind and ambitious to get ahead, Atterbury 
took advantage of every opportunity to study operating methods 
and practices. He assumed all the authority his superiors or the 
operating officers with whom he was associated would delegate or 
entrust to him. The knowledge and experience thus gained proved 
a valuable asset during the boom in 1902, when the railroad was 
swamped with business and encountered one of its most serious freight 
congestions. Atterbury, although a mechanical-department officer 
and only 37 years of age, showed such a clear understanding of the 
complicated factors involved that President Cassatt, to the amaze- 
ment of his associates, advanced him on January 1, 1903, to the 
general managership of the Pennsylvania Lines East of Pittsburgh 
and Erie. 

The president’s judgment was quickly vindicated, for Atterbury 
promptly unraveled the traffic snarl and got things running smoothly. 
On March 24, 1909, he was made fifth vice-president in charge of 
transportation. A change in organization was effected on March 3, 
1911, and he was elected fourth vice-president and also a director of 
the company. The numerical designation of vice-presidents was 
discontinued on May 8, 1912, and his title was changed to vice-presi- 
dent in charge of operation. Then followed eventful years. 

As head of the American Railway Association, to whose presidency 
he was elected on May 17, 1916, Atterbury rendered invaluable serv- 
ice in the transportation of troops and war supplies to the Mexican 
border, and of supplies to the eastern seaboard. It is not strange, 
therefore, that when General Pershing cabled in July, 1917, ‘“‘Success- 
ful handling our railroad lines so important that ablest man in country 
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should be selected,’’ Atterbury was sent to France and made director 
general of transportation for the American Expeditionary Forces. It 
was a stupendous task, in a foreign land and under the stress of the 
Great War, to organize to meet the United States transportation re- 
quirements in France and to harmonize the facilities and efforts with 
those of our Allies. He sailed for Europe in August, 1917, and was 
commissioned Brigadier-General of the United States Army, October 
5, 1917. He returned to America on May 31, 1919, to resume his 
duties on the Pennsylvania Railroad. 

That his efforts in the World War were eminently satisfactory is 
indicated by the many decorations which he received, including the 
Distinguished Service Medal from the United States; the Legion of 
Honor, Rank of Commander, from France; Companion of the Most 
Honorable Order of the Bath, from Great Britain; Commander of 
the Order of the Crown, from Belgium; Royal] Order of the White 
Eagle, from Serbia; and Grand Officer of the Order of the Crown, from 
Rumania. 

Postwar conditions on the railroads, with the trying problems of 
rehabilitation and readjustment and severe labor difficulties, were 
hardly less serious and difficult than those involved in the War, and 
General Atterbury, as head of the operating department of the Penn- 
sylvania Railroad, exercised an influence and leadership which had a 
profound effect upon the progress and improvement of the American 
railway system. With courage and directness he approached the 
problem of discovering a successful method of settling differences 
arising between the management and the employees. This task on 
a railroad, with its different types of labor organizations, including 
the brotherhoods, unions affiliated with the American Federation of 
Labor, and other types, is much more involved and difficult than in 
other industries. The situation is further complicated by the fact 
that governmental agencies enter the situation more actively, the 
railroads being public-service institutions. 

General Atterbury’s success in dealing with his coworkers may be 
gaged by the following statement of one of the labor leaders. ‘‘I 
cannot help but feel that had General Atterbury the choice, he would 
rather be known to posterity as the originator of the plan which 
brought permanent peace and goodwill to the Pennsylvania Railroad 
and its employees, than as the great railroad executive that he was.”’ 

Shrewd labor leaders, sitting across the table from representatives 
of management, appraise their opponents with keen and ruthless dis- 
crimination. Here is the appraisal of a labor leader who had con- 
tacts with General Atterbury over a quarter of a century, or more. 
‘*Those phases of General Atterbury’s personality with which I have 
been most deeply impressed were his unconscious naturalness, his 
directness of approach to the subject under consideration, his rigid 
adherence to his promises or decisions once they were given (there 
was no splitting of hairs with General Atterbury when it came to 
applying any agreement or understanding he had made with the 
Pennsylvania employees), and his consideration of matters, not on the 
basis that they must be settled in a certain manner because he, the 
one in authority, willed it so, but on the basis of what should be done, 
giving proper regard to the rights and interests of all concerned." 

The public at large frequently has peculiar conceptions of the lives 
of men of prominence. The real characters of these men are best 
known and understood by their intimates who work with them ‘‘be- 
hind the scenes.”’ 

“A notable trait of the General,”’ said one of his intimate co- 
workers, both on the Pennsylvania Railroad and in France, ‘‘was his 
courage, poise, and patience in the face of difficulties.”’ 

“In any matter of moment,”’ said this same associate, ‘‘once he 
reached a definite conclusion as to the course which should be pur- 
sued, he proceeded accordingly and calmly awaited developments. 
His conclusions were reached after careful consideration of advice 
and suggestions, which he at all times welcomed from any source. 
Whenever he was confronted with unusual difficulties he had a way of 
doing all he could in the circumstances, then relaxing, and tackling 
the next day’s work in the light of conditions as they unfolded. 

“Incidentally, the ability to throw off cares and relax was a promi- 
nent attribute of the General. He was a splendid example of the 
type of executive who knows how to blend work and recreation and 
who functions in an orderly fashion without stress or strain. Golf, 
cards, and light reading were his favorite forms of recreation.” 

General Atterbury was elected vice-president on November 15, 
1924, and advanced to the presidency on October 1, 1925. One of 
his last great achievements is summed up in the following paragraph, 
which is taken from a minute adopted by the board of directors of the 
Pennsylvania Railroad Company at its meeting on April 24, 1935, 
when, because of ill health, he declined to accept nomination for re- 
election as president. 

“His courage in the face of obstacles is well exemplified by his 
prosecution of the work of electrifying the lines of the company be- 
tween New York and Washington. Begun in 1928, the work was 
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halted by the difficulty of financing, brought about by the worldwide 
depression. Upon the offer of the Government to advance funds, 
Mr. Atterbury did not hesitate; he accepted the offer and pushed the 
work to a conclusion, so that the lines were open for operation in 
February of this year.”’ 

It was at his suggestion, also, that the Association of American 
Railroads was devised to promote and improve railroad service in the 
public interest and to maintain the integrity and credit of the indus- 
try. This association, organized on October 12, 1934, makes it pos- 
sible for the railroads to present a united front in problems which 
face the industry as a whole. 

General Atterbury was among the first of those leaders who have a 
vision of a coordinated transportation system for this country—a 
system in which each type of transportation will take that place for 
which it is best suited on a sound economic basis, and in the public 
interest. Although, from the standpoint of practical accomplish- 
ment, comparatively little has been done up to the present time, 
General Atterbury helped to lay the foundation upon which substan- 
tial progress can be confidently anticipated in the years immediately 
before us. 

General Atterbury died on September 20, 1935, following a long 
illness. He was a member of many learned societies. Honorary 
membership in The American Society of Mechanical Engineers was 
conferred upon him at a memorable meeting in Altoona, Pa., in 1925. 
He had been a member of the Society since 1894. He was given 
the honorary degree of master of arts by Yale University in 1911. 
Several universities conferred upon him the degree of doctor of laws, 
including the University of Pennsylvania in 1919, Yale University in 
1925, Villanova College in 1927, and Temple University in 1929. 
Pennsylvania Military College gave him the degree of doctor of 
engineering in 1932. 

General Atterbury married twice. Five years after the death of the 
first Mrs. Atterbury, the former Miss Minnie H. Hoffman, of Fort 
Wayne, Ind., he was married in 1915 to Mrs. Arminia McLeod, daugh- 
ter of Mr. and Mrs. H. B. Rosengarten, of Philadelphia. He is sur- 
vived by her and by a son, W. W. Atterbury, Jr.; also by three 
children of the second Mrs. Atterbury before her marriage to him: 
George R. Atterbury, Malcolm Atterbury, and Mrs. Elizabeth 
(Atterbury) Connelly, of Radnor, Pa.—[Memorial prepared by Roy 
V. Wricut, New York, N.Y. Past-President, A.S.M.E. | 


PHILIP DeCATESBY BALL (1864-1933) 


Philip DeCatesby Ball died at St. John’s Hospital, St. Louis, Mo., 
on October 22, 1933. One of his associates in the St. Louis Section 
of the A.S.M.E., Victor J. Azbe, wrote of him, shortly after his death: 

“There are indeed few men born who distribute the time of their 
life’s span as productively and as widely as did Philip Ball. From the 
creation of the 1000-ton cross-compound Corliss refrigerating ma- 
chine—'the largest in the world’—featured at the St. Louis World's 
Fair, his interest ranged to the lightest of aviation engines and air- 
planes; and again, from engineering to sports. 

“He was a worker, a builder, a leader, untiring in his efforts— 
untiring to such an extent that contrary to the orders of his physicians 
and the entreaties of his family and friends, he carried on his duties 
even from the hospital. 

‘‘A sportsman to the innermost core, he would absorb the annual 
deficit of his baseball teams unflinchingly. He carried on when a loss 
was certain, entirely for the sake of sport. As an airplane enthusiast, 
he refused to consider any other form of long-distance travel. 

“He was one of the most valuable members of the St. Louis Section 
of the A.S.M.E.” 

Mr. Ball became a member of the A.S.M.E. in 1899 and gave liberally, 
both of time and money, to the work of the St. Louis Section. He was 
largely responsible for the establishment of the Spirit of St. Louis 
Medal, endowed by members of the A.S.M.E. and citizens residing 
in St. Louis, to be awarded for meritorious service in aeronautical 
engineering. 

Born at Keokuk, Iowa, on October 22, 1864, the son of Captain 
Charles J. Ball and Caroline (Paulison) Ball, he was educated largely 
by his father, although he attended public and private schools. At 
the age of sixteen he became an apprentice in the shop and drafting 
room of his father, who was a manufacturer of ice-making machinery. 
He bought the business when he became of age and developed it 
greatly in the years that followed. The machine to which Mr. Azbe 
refers, exhibited at the Fair in 1904, attracted wide attention to its 
builder. It was sold to the Anheuser-Busch Brewing Association. 

He also built many icing stations for railroads throughout the coun- 
try, and operated them as private enterprises. He built the Federal 
Cold Storage Company plant in St. Louis, and was owner of the 
Mound City Ice & Cold Storage Co. and the Winter Garden & Ice 
Co., also of St. Louis. In 1926 he sold his ice-making machinery plant 
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and affiliated interests to the City Ice & Fuel Company of Cleveland 
but continued to take an active part in the management of that 
company until his death. 

Mr. Ball's other interests, in addition to aviation and baseball, 
included drilling oil wells, colonization of land in Texas, insurance, 
and silver fox farms. 

He bought the Ryan Aircraft Corporation, which built Colonel 
Lindbergh's ‘Spirit of St. Louis,’’ later selling the corporation to the 
Detroit Aircraft Corporation. He then purchased the Monocoupe 
Corporation, which he operated until his death. He acquired an 
airplane for his own use in 1927, replacing it with later types as new 
designs were developed. He financed the development of a 1000-hp 
Diesel engine for aircraft, designed by D. J. Deschamps. 

His interest in baseball led him to become one of the organizers of 
the Federal League of Professional Baseball Clubs, and when that 
was dissolved he acquired the St. Louis Browns, in 1916. Aviation 
and baseball were his chief interests during his last ten years. 

Mr. Ball was also a member of the American Society of Refrigerat- 
ing Engineers, American Society of Military Engineers, Engineers’ 
Club of St. Louis, and the Masonic fraternity, in which he was a 
Royal Arch Mason and a member of the Scottish Rite. His clubs 
included the Athletic and Mid-Day in Chicago, the Missouri Athletic, 
the Noonday and Racquet clubs in St. Louis, and several country 
clubs in that vicinity. 

Mr. Ball married Miss Harriet R. Heiskell, of Indianapolis, Ind., 
in 1885 and is survived by her and by two children, Mrs. Margaret 
(William R.) Cady and James P. Ball. 


JOHN BATH (1864-1935) 


John Bath, president and treasurer of John Bath & Co., Inc., 
Worcester, Mass., died at Shrewsbury, Mass., of a cerebral hemor- 
rhage on July 9, 1935. He was born at Frostburg, Md., on April 12, 
1864, and when twelve years old went to work in the mines. After 
a short time, however, he began an apprenticeship at the carshops 
at Huntington, Pa., later transferring to shops at Readville, Mass. 
After completing his apprenticeship he obtained employment with 
the Becker Brainard Milling Machine Company, Hyde Park, Mass., 
where he worked for several years, becoming thoroughly trained as a 
machinist. While there he invented the Bath indicator, the first 
instrument of its kind to measure in thousandths of an inch. 

He was next connected with the Norton Company, Worcester, 
Mass., and subsequently developed a universal cutter grinder for 
the Waltham Watch Tool Company. He then founded the Bath 
Grinder Company, in Fitchburg, Mass., where he developed the Bath 
universal and plain grinders. About the year 1912, he established 
the firm of John Bath & Co., Inc., where for many years he engaged 
in designing and manufacturing special machinery, jigs, fixtures, 
fine gages, and tools. During the World War the plant was devoted 
to the manufacture of special tools, gages, and jigs used in producing 
gun carriages, gun parts, aircraft, and other ordnance equipment. 

Of this later work and other inventions an obituary published in 
American Machinist, July 31, 1935, page 560c, says: 

‘*After the War Mr. Bath concluded that his efforts could best be 
expended in developing more accurate taps. His experiments re- 
sulted in the production of taps made of high-speed steel, with the 
entire thread ground from the solid after hardening. 

“The automotive industry was quick to recognize the savings this 
tap afforded, since it solved the problem of duplicating size. The 
demand spread to other industries, and today the high-speed ground 
thread tap is standard where production and accuracy are necessary. 

‘*Mr. Bath was also the inventor of the Bath internal micrometer— 
an instrument for measuring internal diameters up to 0.001 in. He 
was widely recognized as a pioneer in precision thread production.” 

Mr. Bath became a member of the A.S.M.E. in 1918. He was an 
active member of the Sectional Committee on Standardization of 
Plain Limit Gages for General Engineering Work, having served as 
a member at large on that committee from the time of its organization 
in 1920 until its reorganization in 1930. This committee then be- 
came the Sectional Committee on Standardization of Allowances and 
Tolerances for Cylindrical Parts and Limit Gages and Mr. Bath ac- 
cepted membership thereon from the time of its inception. In this 
capacity he represented the Drill and Reamer Society, the Milling 
Cutter Society, and the Tap and Die Institute on this sectional com- 
mittee. He continued in this work until 1932. 

Mr. Bath belonged to the Worcester Country Club and to the 
Rotary Club in that city, and had attained high rank in the Masonic 
fraternity. His wife, Carrie M. (Whitney) Bath, whom he married 
in 1887, died in February, 1935. He is survived by a daughter, Mrs. 
Jessie E. (Bath) Newcombe, of Fitchburg, and by three sons, J. 
Chester Bath, of Worcester, and Stanley W. and Russell F. Bath, 
of Shrewsbury. 


SOCIETY RECORDS 


WILLIAM BAYLEY (1845-1934) 


William Bayley, president and chief engineer of The William Bay- 
ley Company, Springfield, Ohio, died in that city on February 4, 
1934. Born in Baltimore, Md., on July 28, 1845, he was the young- 
est by twenty years of a family of eleven children. His mother, 
Mary Ann (Mason) Bayley, a native of Boston, was of English parent- 
age, and his father, William Bayley, came to the United States from 
England in 1812, at the age of fourteen. 

Mr. Bayley was educated in Baltimore, attending Knapp’s Acad- 
emy, Horshaw Academy, and the Maryland Institute, where he sub- 
sequently engaged in teaching, before he was twenty years old. In 
1862 he became an apprentice machinist with Poole & Hunt (now the 
Poole Foundry & Machine Co.), Baltimore, where he secured the ex- 
perience necessary for machine design and served the company as 
chief draftsman for five years. 

From 1870 to 1872 he was engaged in drafting and designing for 
Pusey, Jones & Co. (now the Pusey & Jones Corp.), shipbuilders and 
machinery manufacturers of Wilmington, Del. In 1871 he patented 
his water wheel, a notable feature of which was its diverging discharge 
buckets, now in universal use. An arrangement was made whereby 
the Pusey & Jones Co. manufactured these wheels on a royalty basis. 
In 1872 Mr. Bayley organized the firm of Remington, Bayley & Co., 
Wilmington, to produce the wheels. It also made automatic nut 
punches, steam engines, and paper and sawmill machinery. He sold 
his interest in 1875, went to Springfield, and entered the employ of 
Whitely, Fassler & Kelly, manufacturers of agricultural machinery, 
which later became The Wm. N. Whitely. Mr. Bayley was in charge 
of drafting-room and experimental work until 1889, when the com- 
pany went out of business. 

When Mr. Bayley entered the agricultural machinery business, the 
automatic binder for grain was a new development. Wire was being 
used to secure the grain in bundles and farmers were receiving many 
complaints from millers because slivers of wire in the threshed grain 
played havoc with the bolting cloth. Whitely, Fassler & Kelly pur- 
chased the patents of Appleby, a job machine shop man of Wisconsin, 
who had devised a practical twine knotter, and Mr. Bayley made such 
adaptations and improvements as were necessary to make the ‘‘knot- 
ter’’ satisfactory for various kinds and conditions of grain, kinds 
of string, variations in weather, and other conditions affecting 
its use. During the period of his employment by the company, his 
name appears continuously in the patent records in connection with 
the ‘‘knotter’’ and many other devices. 

In 1889, Mr. Bayley became part owner of The Rogers Iron Com- 
pany, which had been started in 1884. This later was reorganized as 
The William Bayley Company, of which he was president and chief 
engineer until his death. In recent years he had developed the first 
machinery for automatic paving of streets and roads with blocks and 
also with concrete, asphalt, etc. 

Mr. Bayley became a member of the A.S.M.E. in 1904. He be- 
longed to the Scottish Rite in the Masonic fraternity and was a 
Shriner. 

Surviving Mr. Bayley are four sons, William D., Guy D., Lee, and 
Elden Bayley; a grandson, Joe Pratt, of Chapel Hill, N.C., son of an 
only daughter; and ten other grandchildren. His wife Mary (Dicus) 
Bayley, predeceased him by six weeks. 


ROBERT HERBERT BEAUMONT (1873-1933) 


Robert Herbert Beaumont, president of R. H. Beaumont Co., 
Philadelphia, Pa., whose death occurred on April 23, 1933, was born 
at Woodville, Miss., on March 2, 1873. His parents were Edward 
Herbert and Betsy (Schofield) Beaumont. He attended the Woodville 
public schools and pursued various subjects in home-study courses. 

At the age of nineteen he began work as a blueprint boy for the 
Link-Belt Company, in which he worked up to the position of sales- 
man. During his connection with the Link-Belt Company he de- 
signed considerable machinery for coal, coke, and ash-handling sys- 
tems and in 1905 he established his own contracting firm, specializing 
exclusively in complete plants for handling coal, coke, and ashes for 
boiler and gas houses, including the steel and concrete bunkers and 
structures. Among the specialties designed and built by the com- 
pany were the Beaumont skip hoists for coal, coke, and ashes, and 
the Beaumont cable drag scraper system for coal storage. At the 
time of his death he was serving as chairman of the board of R. H. 
Beaumont Co. (now the Beaumont Birch Company) and of the 
Beaumont Manufacturing Company. 

Mr. Beaumont joined the A.S.M.E. as an associate early in 1921 
and was promoted to full membership later the same year. 

His interests outside his business included motion pictures, build- 
ing radio sets, and, particularly, aviation. He wasone of the founders, 
in 1909, of the Aero Club of Pennsylvania and was its first vice- 
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president. In later years he had a plane of his own and did con- 
siderable flying in the vicinity of Philadelphia. Mr. Beaumont was 
twice married. He is survived by a son by his first marriage and by 
his widow, Mabel (Parker) Beaumont, and their four daughters. 


DAVID BELL (1875-1934) 


David Bell, president and treasurer of the David Bell Co., Inc., 
Buffalo, N.Y., manufacturers of screw-machine products, died in that 
city on May 21, 1934. He was born in Buffalo on September 3, 1875, 
the son of David and Jane (Adams) Bell, and secured his education 
in private and public schools there. For some years he was asso- 
ciated with his father in the David Bell Engineering Works, builders 
of marine engines, steel boats, steam hammers, and general machin- 
ery. After the incorporation of the company about 1892 he became 
general manager and vice-president and served in those capacities 
until the consolidation of the company with the Buffalo Foundry & 
Machine Co. in 1907. He was made general engineer, in charge of 
the machine shop department of the combined firm, and held that 
position until he became president and treasurer of the Bell company 
in 1918. He had taken out numerous patents on steam hammers. 

Mr. Bell became a member of the A.S.M.E. in 1912. He served as 
secretary of the Engineering Society of Buffalo in 1913-1914, presi- 
dent in 1914-1915, director in 1915-1918, and vice-president, 1921- 
1922. He was formerly president of the Western Division of the 
Screw Machine Products Association, and after the National Screw 
Machine Products Association was formed in 1932 served as its 
president until his death. 

Just prior to his death Mr. Bell served for three years as president 
of the Board of Trustees of the Lafayette Avenue Presbyterian 
Church, Buffalo. He was a member of the Buffalo Athletic Club 
and of the Park Club and the Meadowbrook Country Club. He is 
survived by his widow, Alice Willard (Nash) Bell, whom he married 
in 1901, and by a daughter, Mrs. Charles H. Hyde, of Buffalo. 


JOSEPH PROSPER BERANGER (1890-1935) 


At the time of his death, Joseph Prosper Beranger was vice-presi- 
dent of the West Indies Sugar Corporation in charge of its operations 
in Santo Domingo. For a quarter of a century he was an active fig- 
ure in the sugar industry of the Caribbean countries, rising through 
the merits of his services to executive positions of great responsibility 
and trust. 

Mr. Beranger was born at New Orleans, La., on March 31, 1890, 
a son of Joseph J. and Eveline (Flouse) Beranger and a descendant 
of a French family established at New Orleans in 1842 by his grand- 
father, J. Justin Beranger. Mr. Beranger’s father, a retired ship 
builder, is still living in that city. 

Joseph Prosper Beranger received his preliminary education in the 
public schools of New Orleans and at Rugby Academy in that city 
and subsequently entered Tulane University, from which he was 
graduated in 1911 with a bachelor’s degree in engineering. His inter- 
ests already centered in the sugar industry, and in the latter part of 
June, 1911, he secured a position as junior engineer at the Central 
Guanico Sugar plantation, in Puerto Rico, of the South Puerto Rico 
SugarCompany. Here he remained until September, 1912. Return- 
ing to Louisiana at the end of that time, he entered Louisiana State 
University at Baton Rouge for postgraduate work inengineering. He 
took the degree of master of science in 1913 and subsequently was 
assistant to Professor E. W. Kerr (Mem. A.S.M.E.) in experimental 
and testing work at sugar houses throughout Louisiana for the 
Louisiana State Experimental Station. He was next engaged in de- 
signing and drafting at the Central Fortuna, Ponce, Puerto Rico. 

In the fall of 1914 he was appointed assistant engineer of the West 
India Management & Consultation Co. While serving as such, he 
was in charge of the rebuilding of the Central Ansonia sugar factory in 
Santo Domingo (1914) and also of the rebuilding of the Central 
Quisqueya Sugar factory (1915). In June, 1915, in behalf of the 
West India Management & Consultation Co., he became resident 
supervising engineer in charge of the construction of the Central 
Punta Alegre at Caibarien, Cuba, which was the largest sugar mill 
built up to that time. 

In June, 1917, Mr. Beranger was promoted to the post of chief 
engineer of the West India Management & Consultation Co., with 
headquarters in New York. During the following year, the West 
India Sugar Finance Corporation was formed to finance sugar cen- 
trals in Puerto Rico, Santo Domingo, and Cuba. This corporation 
took over control of the West India Management & Consultation Cu. 
and retained Mr. Beranger as chief engineer, in which capacity he de- 
signed and erected the sugar factory at Barahona, Santo Domingo. 
He also designed and was in charge of the erection of a sugar factory 
at Central Tanamo, Cuba. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


From 1920 to 1922, Mr. Beranger continued as chief engineer and 
purchasing agent for the properties financed, owned, or controlled by 
the West India Sugar Finance Corporation in Puerto Rico, Cuba, and 
Santo Domingo, consisting of Fajardo Sugar and Central Corsica in 
Puerto Rico; Centrals Palma, Alto Cedro, America, Cupey, Santa 
Ana, Hatillo, and Altagracia, all in Cuba; and Centrals Consuelo, 
San Isidro, Quisqueya, Las Pajas, Porvenir, and Ansonia in Santo 
Domingo. 


In 1922, the Cuban Dominican Sugar Company was incorporated 
to purchase those of the aforementioned properties owned or con- 
trolled by the West India Sugar Finance Corporation, and Mr. Ber- 
anger was retained in the capacity of chief engineer and supervisor 
of production. In 1926, the Cuban Dominican Sugar Corporation 
was incorporated as the successor of the Cuban Dominican Sugar 
Company and Mr. Beranger was appointed assistant to the president, 
George H. Houston (Mem. A.S.M.E.). In this capacity he continued 
to supervise all of the factory operations and production of the proper- 
ties then owned by the corporation, namely, Centrals Cupey, Alto 
Cedro, Palma, America, Santa Ana, Hatillo, and Altagracia in Cuba; 
Centrals Consuelo, Quisqueya, San Isidro, and Las Pajas in Santo 
Domingo. 


In 1927, Mr. Houston resigned, and Frederick B. Adams succeeded 
him as president of Cuban Dominican Sugar Corporation. Mr. 
Beranger was installed as vice-president in charge of the operations in 
Cuba and Santo Domingo of the various properties. He continued 
in this capacity until late in 1928, when the importance of the sugar 
properties in Santo Domingo, which included a large irrigation proj- 
ect located at Barahona, made it necessary for him to discontinue 
supervision of the Cuban sugar estates and devote his entire time to 
those in Santo Domingo, of which he was in charge until his death. 
In 1921, he was also elected vice-president of the Cuban Dominican 
Sales Corporation, a subsidiary of the Cuban Dominican Sugar Cor- 
poration, in charge of selling the sugar produced by the Cuban 
Dominican properties as well as the purchase of supplies for these 
estates. 

Early in 1931, due to the inability of the Cuban Dominican Sugar 
Corporation to pay interest on its bonds, a plan of reorganization 
was prepared and eventually adopted by the security holders. This 
resulted in foreclosure sale of the properties in November, 1932, and 
their purchase by a new corporation, the West Indies Sugar Corpora- 
tion. Mr. Beranger was appointed vice-president in charge of opera- 
tions in Santo Domingo, comprising supervision over Centrals Bara- 
hona, Consuelo, Quisqueya, Las Pajas, and San Isidro. In 1933, he 
was elected a director of the Compania Azucarera Dominicana, the 
subsidiary in Santo Domingo which owned all of these properties 
except Central Barahona. He was a gifted executive and engineer 
who possessed an exceptional knowledge of the industry to which 
he devoted his life, and contributed substantially to the progress of 
the organizations with which he was connected. Mr. Beranger did a 
great deal of creative work in connection with the development of the 
various plantations. In particular, he was largely responsible for 
the growth of Central Barahona, which is located in desert lands, and 
which, from the standpoint of operation, is considered one of the most 
outstanding plantations in the world. Mr. Beranger was of the opin- 
ion that the cost of producing sugar at Barahona was lower than that 
of any other Central. 

Mr. Beranger became a junior member of the A.S.M.E. in 1914, 
an associate-member in 1917, and a member in 1926. He was an 
original director of the Dominican Chamber of Commerce, a member 
of the Pan American Society, a former member of the Havana 
Country Club, and a member of the New York Produce Exchange 
Luncheon Club, the Engineers’ Club of New York, the Columbia 
Yacht Club, and the Arcola Country Club, of New Jersey. During 
the World War he was in Washington, where his knowledge of the 
sugar industry was at the disposal of the Government and was drawn 
upon in shaping wartime plans. Mr. Beranger was very much in- 
terested in the Salvation Army and in such boys’ organizations as the 
Boy Scouts of America and the Madison Boys’ Club of New York, 
which he supported. He was always fond of outdoor life and sports, 
playing on the tennis, baseball, and football teams in his college days, 
and in later years finding his principal recreation in golf. 

Mr. Beranger married Mrs. Vida (French) Barry, daughter of 
Harry Delmar French, founder of the Brooklyn School of Journalism, 
in 1928, and is survived by her and by her-daughter by an earlier 
marriage, Barbara French Beranger, who adopted her stepfather’s 
name. 

Mr. Beranger died at Miami, Fla., on March 26, 1935, a few days 
before his forty-fifth birthday. In spite of his long years of service 
in the sugar industry and his many accomplishments, he was still 
a relatively young man and the abrupt termination of his career was 
a serious loss to the organizations with which he was connected. 
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He was known and admired throughout the industry and enjoyed the 
warm personal regard of all with whom he was associated.—[|From 
the ‘‘Encyclopedia of American Biography,’ a compilation of The 
American Historical Society, Inc. | 


HENRY E. BILGER (1865-1935) 


Henry E. Bilger, who terminated his work at the Baldwin Loco- 
motive Works in February, 1932, after having been connected with 
the small tool and gage department for fifty years, died on April 23, 
1935, following a brief illness. Mr. Bilger was born at Philadelphia, 
Pa., on March 8, 1865, son of Samuel Ellsworth and Frances Sophia 
(Johnson) Bilger. After his graduation from public school he was 
apprenticed to the Baldwin Locomotive Works to learn the trade of a 
machinist. Following a four-year apprenticeship he worked as a 
journeyman machinist until July, 1889, when he was made foreman 
of the tool department. In 1915 he became superintendent of tools 
and gages in the Eddystone Ammunition Corporation, but returned to 
the Baldwin Works early the following year to supervise French com- 
mission work. He was then made superintendent of machine tools 
and machine tool repairs. Mr. Bilger designed and manufactured 
tools, fixtures, and gages for the construction of steam, electric, and 
gasoline locomotives, built many models, and conducted numerous 
experiments. During the World War he directed a large volume of 
work on tools and gages for Russian 3-in. shrapnel, 4.7-, 6-, and 12-in. 
high-explosive English shells, and 220- and 270-mm. French shells. 
He contributed many articles to American Machinist. 

Mr. Bilger became a member of the A.S.M.E. in 1916 and was a 
Royal Arch Mason. He was superintendent of the Sunday School of 
the Spring Garden Methodist Episcopal Church, Philadelphia, for 
twenty years, from 1899 to 1919. He liked to sketch and was in- 
terested in stamp collecting. 

Surviving Mr. Bilger are his widow, Florence E. (Brenniser) 
Bilger, whom he married in 1903, and two daughters, Louise W. Bilger 
and Elizabeth (Bilger) Stevens. 


CHARLES FABEN BLEYER (1883-1935) 


Charles Faben Bleyer, superintendent of the Fuels and Power De- 
partment of the National Tube Company, Lorain, Ohio, died sud- 
denly on January 15, 1935, at his home in that city. He is survived 
by his widow, Clara (Engelfried) Bleyer, whom he married in 1909, 
and by a daughter, Constance Bleyer. 

Son of Julius and Elizabeth (Faben) Bleyer, he was born on Janu- 
ary 21, 1883, at Milwaukee, Wis., where he secured his education, 
attending the grade and high schools and the University of Wiscon- 
sin. After receiving his degree in mechanical engineering in 1907 
he took a position with the Allis-Chalmers Company as erecting engi- 
neer and during the next twelve years installed and tested gas en- 
xines for many plants in the company’s eastern territory, including 
large units for the American Steel & Wire Co., the Pittsburgh Plate 
Glass Company, the National Tube Company, and the Goodyear 
Tire & Rubber Co. During 1916 he engaged in design, estimating, 
and sales work for the Allis-Chalmers Company, in connection with 
the larger size electric hoists for mines, but finding it less interesting 
than erection work, returned to his former position during the World 
War. 

When Mr. Bleyer first became associated with the National Tube 
Company in the fall of 1919 he was put in charge of the blast-furnace 
power house and boiler rooms and spent much of his time on improv- 
ing operating methods and increasing plant economy. He was ap- 
pointed general master mechanic of blast furnaces, coke plants, and 
docks, in addition to his other duties, in 1920, and five years later was 
advanced to the position of the superintendent of the gas and steam 
power department. He held a patent on furnace pressure control. 

Mr. Bleyer became a junior member of the A.S.M.E. in 1909 and 
a member in 1920. He also belonged to the Cleveland Engineering 
Society and to the Masonic fraternity, Odd Fellows, and Tau Beta 
Pi. He served on the Lorain City Engineers Committee for the im- 
provement of the city water works in 1931, and in 1934 was a member 
of a committee for investigating public utility rates in Lorain. 


ALFRED PANCOAST BOLLER, JR. (1869-1935) 


Alfred Pancoast Boller, Jr., whose death occurred on January 14, 
1935, was born in East Orange, N.J., on April 7, 1869, a son of Alfred 
Pancoast and Katharine (Newbold) Boller. He attended the Dear- 
born-Morgan School in Orange and Stevens Institute of Technology, 
Hoboken, N.J., from which he received a mechanical engineering 
degree in 1891. 

Following his graduation, Mr. Boller spent about a year each in the 
drafting rooms and shops of Henry R. Worthington in Brooklyn. 


After some experience in dike building and dredging on the upper 
Hudson River for the International Contracting Company, New 
York, N.Y., he returned to the employ of Mr. Worthington, supervis- 
ing construction work and tests of pumping engines. For a year he 
was in charge of the Worthington Water Meter Department and he 
spent two and a half years in the Hawaiian Islands, directing con- 
structing, installing, and testing complete pumping plants for irri- 
gating. 

In 1902 Mr. Boller went to Pittsburgh, Pa., to work for the West- 
inghouse Electric & Manufacturing Co., where he remained for two 
years. The next two years were spent with the Chapman Ball Bear- 
ing Company, Boston, Mass. In 1906 he took up consulting prac- 
tice in New York and continued in that work for eight years. From 
1914 to 1931, when he retired, he was consulting engineer for the 
Stanley Rule & Level Co., New Britain, Conn. 

Mr. Boller became a member of the A.S.M.E. in 1901. He also 
belonged to the Masonic fraternity. His wife, Anna (Hawley) 
Boller, died in 1932. A brother, Richard E. Boller, survives him. 


GEORGE MEADE BOND (1852-1935) 


George Meade Bond, for fifty-three years an active member of the 
A.S.M.E., died at his home in Hartford, Conn., on January 6, 1935, 
after a long illness. 

He was born on July 17, 1852, at Newburyport, Mass., son of Dan- 
iel George and Wilhelmina (Kruger) Bond. His father died two 
years later and his mother with her two sons moved to Grand Rapids, 
Mich., where George attended school until he was seventeen, and 
then taught in neighboring schools for a few years. His tastes run- 
ning to mechanics rather than teaching, he served an apprenticeship 
in a Grand Rapids machine shop and continued as machinist in the 
Phoenix Furniture factory until his savings permitted him to enter 
Stevens Institute of Technology in 1876, at the age of twenty-four. 
He was graduated in 1880 with the degree of mechanical engineer. 

During his senior year, 1879, Professor James E. Denton, recog- 
nizing Mr. Bond’s unusual mechanical genius, brought him into asso- 
ciation with William A. Rogers, professor of astronomy at Harvard 
College Observatory, Cambridge, and so began a cooperation which 
oriented Mr. Bond's entire life work, directing it to the establishment 
of a standard system of measurement, on which our prevailing system 
of interchangeable manufacture so largely depends. 

Working under the direction of Professor Rogers, Mr. Bond de- 
signed the Rogers-Bond comparator, which permitted the comparison 
of both end-measure and line-measure standards with a degree of 
accuracy not previously practicable. Whiie the aim of Professor 
Rogers was to improve the accuracy of his astronomical work, Mr. 
Bond, with his shop training and background, foresaw the advantages 
to the mechanical trades of accurate standards and ready means of 
making precise measurements. He completed the drawings of the 
comparator during his senior year at Stevens Institute in 1880, and 
on July 1 of that year entered the employ of the Pratt & Whitney Co. 
of Hartford to direct the building of the comparator. Two of these 
were built, one of which is still retained by the Pratt & Whitney Co., 
the other going to Professor Rogers at Cambridge for his scientific 
work. The latter has since been transferred to the Johns Hopkins 
University at Baltimore. 

The A.S.M.E. Committee on Standards and Gauges at the annual 
meeting in November, 1882, presented an elaborate report! on the 
Rogers-Bond comparator, from which we quote: 

“This apparatus is used, first, to compare line measures of length 
with attested copies of the standard bars of England and the United 
States; second, to subdivide these line measures into their aliquot 
parts, and to investigate and determine the errors, if any, of these sub- 
divisions; and, third, to reduce these line measures to end measures 
for practical use in the shops.’’ And from the conclusion of the re- 
port: ‘In the opinion of this committee, the degree of accuracy al- 
ready attained is such that no future improvements can occasion 
changes sufficiently great to affect the practical usefulness of the 
magnitudes here determined, or the interchangeability of structures 
based upon them with those involving further refinements.” 

In view of this remarkable tribute of fifty-two years ago to the 
work of Rogers and Bond, it is interesting to note the names signed to 
the report: J. Sellers Bancroft, secretary of the Committee; Henry 
Morton, president; S. W. Robinson, Oberlin Smith, E. H. Parks, 
Ambrose Swasey, Chas. T. Porter, Alfred Betts, George R. Stetson. 

By means of the comparator Mr. Bond developed for the Pratt & 
Whitney Co. standard bars (line measures) having very small and 
known errors from the recognized international standards. The next 
step was the development of the Bond measuring machine, using 


1 Trans. A.S.M.E., vol. 4 (1883), pp. 21-29. 
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similar bars and simplified for toolroom use. Hundreds of these ma- 
chines have been built and are in daily use throughout the United 
States and in many foreign countries. 

Mr. Bond was manager of the Standards and Gauge Department of 
the Pratt & Whitney Co. from 1880 until 1902, during which time he 
developed their line of cylindrical, caliper, snap, limit, thread, and 
other gages. The need of uniformity in sizes and threads of bolts, 
nuts, and screws for railroad service was the incentive for much of 
this preliminary work. As early as 1864 the inconvenience and con- 
fusion resulting from diversity in screw threads in use was brought up 
for consideration before The Franklin Institute. In 1882 the Master 
Car Builders’ Association, which with other railroad organizations 
had adopted the Sellers or Franklin Institute system of threads, asked 
the Pratt & Whitney Co. to prepare sets of standard screw-thread 
gages in order to secure uniformity of product, and Mr. Bond, again 
working with Professor Rogers, developed means for both making and 
measuring screw threads with great accuracy. This work brought 
the highest commendation from the Master Car Builders’ Association 
and the Master Mechanics’ Association, whose later reports testified 
to remarkable savings in time and cost of railroad repair work as a 
direct result of this standardization. 

Our present systems of mass production, based upon interchange- 
able manufacture without the necessity of hand fitting or selective 
assembly, commonly referred to abroad as the ‘‘American System,” 
owes a debt to Mr. Bond, not for its original conception, which goes 
back to Eli Whitney more than a hundred years ago, but for practical 
means of measuring with a degree of accuracy not before available. 
He liked to preach what he practiced, and made many notable con- 
tributions to the proceedings of various technical societies. See 
A.S.M.E. Transactions, vol. 2 (1881), p. 81, ‘‘Standard Measure- 
ments”; vol. 3 (1882), p. 122, ‘‘A Standard Gauge System,” and vol. 
7 (1886), p. 311, ‘Standard Pipe and Pipe Threads’”’; also discussions 
on other papers. On February 21, 1884, he delivered a lecture be- 
fore The Franklin Institute on ‘“‘Standards of Length and Their Sub- 
division,” and a week later, before the same body, another lecture on 
‘Standards of Length as Applied to Gauge Dimensions.”’ His book 
entitled ‘‘Standards of Length and Their Practical Application” was 
published by the Pratt & Whitney Co. in 1887. This was also given 
in lecture form before the Society of Arts, Boston, in 1888. In 1890 
he delivered a paper before the American Association for the Advance- 
ment of Science on “Internal Strains in Hardened Steel.” 

Mr. Bond became a member of the A.S.M.E. in 1881, and in 1931 
received the Society’s 50-year medal, although his last illness was 
already upon him and he was unable to attend the Annual Meeting. 
He served as Manager of the Society from 1888 to 1891 and as Vice- 
President from 1908 to 1910. He was a member of the Society's 
various pipe-thread committees, and at the time of his death was the 
Society’s representative on the Sectional Committee on Pipe Threads. 
In 1902 and 1903 he was a member of committees on the metric sys- 
tem, and appeared for the Society before the Congressional Com- 
mittee on Coinage, Weights, and Measures to oppose the proposed 
adoption of the metric system as compulsory. 

Mr. Bond held the oldest membership in the Engineers’ Club of 
New York, dating from 1889. He was a member of the American 
Society of Civil Engineers and for a time chairman of its Committee 
on Units of Measurement. He was a Fellow of the American Associa- 
tion for the Advancement of Science and a member of the New Eng- 
land Historic Genealogical Society, Connecticut Historical Society, 
Hartford Club, Union League and Transportation Clubs of New York, 
and of the Royal Societies Club of London, also of the Alumni Asso- 
ciation of Stevens Institute, of which he was president, 1886-1887. 

In 1921 Stevens Institute conferred on him the degree of doctor of 
engineering, and in 1927 Trinity College conferred the degree of mas- 
ter of science. 

Mr. Bond never married, and left no close relatives.— [Memorial 
prepared by B. H. Buioop, Retired, Hartford, Conn. Formerly 
Mem. A.S.M.E., and connected with the Pratt & Whitney Co. for 
many years.] 


FRANKLIN MEYER BOWMAN (1870-1934) 


Franklin Meyer Bowman, vice-president of the Blaw-Knox Com- 
pany, Pittsburgh, Pa., died suddenly on October 12, 1934, at his 
home in Pittsburgh, Pa. 

Mr. Bowman was born at Freeport, Ontario, Canada, on Sep- 
tember 2, 1870. He prepared for college in schools at Berlin, Ontario, 
and was graduated in civil engineering from the school of Practical 
Science, Toronto, in April, 1890. During the following year he served 
an apprenticeship as a land surveyor and after passing the govern- 
ment examinations and securing his title in 1891 he came to the United 
States and was engaged as a draftsman by the Pennsylvania Steel 


Company at Steelton, Pa., in the Bridge and Construction Depart- 
ment. 

In April, 1892, he became associated with the Structural Iron Works 
of the Riter-Conley Manufacturing Company, at Allegheny, Pa., as 
draftsman, and after a few months was promoted to the position of 
chief draftsman. This early experience enabled him to secure the 
degree of civil engineer from Toronto University in 1893. He re- 
mained with the Riter-Conley company until 1912, serving succes- 
sively as assistant engineer, chief engineer, director, and secretary. 
He resigned to become vice-president of the Blaw-Knox Company. 
In that capacity he was in charge of the Transmission Tower and 
Structural Steel Divisions of the company. He was actively identi- 
fied with transmission-line design and erection of international sig- 
nificance and the construction of some of the largest mills in the United 
States. 

Mr. Bowman became a junior member of the A.S.M.E. in 1894 
and a member in 1902. He also belonged to the American Iron and 
Steel Institute. 


FRANK FISHBOURNE BOYD (1875-1936) 


Frank Fishbourne Boyd, a member of the A.S.M.E. since 1917, 
will be remembered most particularly as consulting engineer and gen- 
eral sales manager, from 1907 to 1917, of the firm of Robt. Wetherill 
& Co., Inc., Chester, Pa., engineers, iron founders, and builders of 
heavy power machinery, such as Corliss, marine, uniflow, blast- 
furnace and producer-gas engines, and pumping engines. The com- 
pany also did heavy machine work in general, developed special 
machinery for industrial application, and manufactured high-pres- 
sure boilers and steel plate. In addition to his work in connection 
with these regular lines of the company, Mr. Boyd originated and 
managed the electric and plunger passenger elevator department. 

Among Mr. Boyd's achievements were the design and installation 
of power plants for the Widener and Finance buildings, Philadelphia, 
Hotel Traymore, Atlantic City, N.J., Hershey Chocolate Company, 
Hershey, Pa., Lee Tire & Rubber Co., Conshohocken, Pa., Eastman 
Kodak Company, Rochester, N.Y., John A. Roebling & Sons, Tren- 
ton, N.J., and many other large companies in the East. He held pro- 
fessional engineering licenses in the States of New York, Florida, 
Arizona, and California, and left monuments of engineering skill to 
his memory in each of these states. 

Shortly before his death Mr. Boyd retired as president of the Engi- 
neers Club of Los Angeles. At one time he was a member of the 
Manufacturers Club, of the Engineers Club of Philadelphia, and of 
the Riverton Yacht Club, Riverton, N.J., where he raced his own 
cruiser, the Calvania. 

Mr. Boyd was born in San Francisco, Calif., on November 16, 1875, 
the son of Frank Alexander and Isabella (Fishbourne) Boyd. He was 
graduated from the Laurel Hill Miitary College, San Mateo, Calif., 
with a B.A. degree in 1893, and then took a special technical course in 
naval architecture at the Hoitt’s Preparatory School in Burlingame, 
Calif., receiving a B.S. degree in 1894. 

After a year of practical machine and electrical work at the Risdon 
Iron Works, San Francisco, he became a junior engineer on the S.S. 
Zealandia, of the Oceanic Steamship Company. Subsequently he 
served on the 8.8. St. Paul, of the Alaska Commercial Company, and 
S.S. China, of the Pacific Mail Company, as assistant engineer. 

Mr. Boyd interrupted his career in naval architecture and engineer- 
ing design to serve in the Spanish-American War. He was assigned 
to duty in the U.S.A. Transport Service (Pacific Fleet), as chief elec- 
trical engineer on the transport ship Grant, and was a participant in 
the battle of Manila Bay. His ship later was sent to China in con- 
nection with the Boxer insurrection and other troubles in the Far 
East. 

Leaving the army service in 1900, Mr. Boyd was associated until 
1904 with J. M. Klein & Co., San Francisco, as consulting mechanical 
and electrical engineer and general superintendent of construction, 
for central-station and hydroelectric-power installations. During the 
next two years he was commercial engineer in the district office at 
San Francisco of the Westinghouse Electric & Manufacturing Co., 
engaged in the design and supervision of steam and hydroelectric 
power plants. From 1906 to 1908 he was power specialist and con- 
sulting engineer for the Allis-Chalmers Company, of Milwaukee, 
Wis., his duties taking him to numerous plants throughout the coun- 
try. 

Then came his long period with Robt. Wetherill & Co., Inc., ter- 
minated by the outbreak of hostilities between the United States and 
Germany in 1917. He reported for duty at League Island, Philadel- 
phia, in April, 1917, and saw service throughout the World War. 
His first duty was to lay out the projected torpedo boat destroyer 
base at Lewes, Del., including the machine shops and shipways. 
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Following this, from the latter part of August, 1917, until early 
March, 1918, he was the Senior Engineer Officer of the U.S.S. Jupiter, 
then a collier, now the U.S.S. Langley, airplane carrier. The Jupiter 
was the first electrically propelled ship of the United States Navy. 
Mr. Boyd was aboard the Jupiter, carrying the first load of ammuni- 
tion to France, when two torpedoes, fired at her by a German sub- 
marine, narrowly missed their mark. 

Later Mr. Boyd was ordered to the U.S. Submarine Base at New 
London, Conn., to serve as engineer and repair officer, being the 
second officer in command at the Base, under Commander John 
Rodgers. His duty here from March 10, 1918, to March 1, 1919, was 
even more arduous, as he served frequently for seventy-two hours at a 
stretch, often finding, on being relieved for a rest, that some equally 
overworked and wornout submarine captain was asleep—boots and 
all—in his bed; and rather than disturb a brother officer, he would 
lay his own head on folded arms upon his desk. He received the 
sobriquet of ‘‘Old Iron Sides” for always being on duty. 

His last duty in the Navy was as a member of the Naval Overseas 
Transportation Service, Ship Demobilization Board, returning to 
private owners the fleet of yachts and other vessels that had been 
used by the Navy Department for war service. He left the active 
service March 17, 1919, and was honorably discharged March 27, 
1921, with the rank of Lieutenant-Commander (E), United States 
Naval Reserve Force. 

After his war service, Mr. Boyd supervised the machinery installa- 
tion in the thirty-seven 28,000 shp torpedo boat destroyers for the 
U.S. Navy built at the plant of the New York Shipbuilding Corpora- 
tion, at Camden, N.J. He then took up the development of Diesel 
oil engines for marine purposes and was responsible for the layout and 
installation of machinery for the first commercial Diesel-electric 
motorship, the Fordonian, proving the feasibility of this class of drive 
for merchant vessels. He organized and directed the Marine Divi- 
sion of the Westinghouse Electric & Manufacturing Co. at New York, 
and laid out the Diesel-electric equipment of the Poughkeepsie and 
Highland Ferry Boat, an ice breaker. He built numerous Diesel- 
power and refrigerating plants in Florida, also large water-works plants 
in that state, employing mostly high-capacity direct-current turbine 
units with special automatic electrical control. During recent years 
he had specialized for the most part in industrial-engineering work, 
plant appraisals, and economic surveys. 

His long record of intensely active work as an engineer continued 
to the day of his death, February 11, 1936, in Pasadena, Calif. 


HENRY CHARLES BRIGGS (1883-1936) 


Henry Charles Briggs was born on March 26, 1883, in Jersey City, 
N.J., son of Charles Henry and Sarah Augusta (Clark) Briggs. After 
completing his grammar-school education in Jersey City he took 
courses in steam- and marine-engineering subjects through the Inter- 
national Correspondence Schools, Scranton, Pa., graduating in 1905 
asa marine engineer. He also held a United States marine license as 
chief engineer of ocean steamers of any gross tonnage and a New Jer- 
sey State license as chief engineer of power plants of any horsepower. 

After a number of years in the merchant marine Mr. Briggs took the 
position of engineer on the steamer Monmouth of the Central Rail- 
road of New Jersey in 1910. During part of 1912 and 1913 he was 
power engineer at Fort Wood, N.Y., then returned to the Central 
Railroad as chief engineer of the Communipaw (N.J.) power house. 
He continued in that position until the latter part of 1917, when he 
was engaged by the Texas Oil Company, New York, to conduct tests 
in power and various types of industrial plants to increase efficiency 
in operation through improved lubrication. 

After completing that work early in 1918 he became assistant su- 
perintendent of maintenance and chief power engineer for the West- 
inghouse Electric & Manufacturing Co. at Lester, Pa., where he con- 
tinued until the fall of 1919. He then returned to the employ of the 
Central Railroad of New Jersey as general mechanical foreman of the 
coal-dumping plant at Pier 18, Jersey City. He was in charge of 
maintenance and operation of two 125-ton McMyler coal dumpers. 

He left the employ of the Central Railroad in the summer of 1927 
to become supervising operator of the Holland Tunnels, New York. 
In June, 1932, he was made chief supervisor in charge of the mainte- 
nance of fans and rolling stock and operation of the tunnels. Late 
in November, 1935, he was promoted to assistant superintendent of 
the Operating Division, but the illness which led to his death on 
January 21, 1936, prevented his filling of that position. 

Mr. Briggs became an associate member of the A.S.M.E. in 1926. 
He was also a member of the Junior Order of United American Me- 
chanics, Hoboken, N.J., and a Mason. Married in 1911 to Clara 
Mabel Francis, he is survived by her and by two children, Mrs. Al- 
fred J. Mendles of Wood-Ridge, N.J., and Edward W. Briggs, a stu- 
dent of aeronautical engineering at Auburn Polytechnic Institute. 
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CHARLES FREDERICK BRISTOL (1880-1934) 


Charles Frederick Bristol, a member of the A.S.M.E. since 1916, 
was born at Madoc, Ontario, Canada, on March 24, 1880, the son of 
Wellington and Charity (Ketcheson) Bristol. He attended the Har- 
bord St. Collegiate Institute, in Toronto, and was graduated from the 

“Faculty of Applied Science of McGill University, Montreal, in 1908, 
with a B.Se. degree in mechanical engineering. 

Prior to entering McGill University Mr. Bristol served an appren- 
ticeship at the Montreal plant of the American Locomotive Company, 
known as the Locomotive & Machine Co. of Montreal, from January, 
1903, to September, 1904. He also worked there during the sum- 
mers of 1905 and 1906. He spent the summer of 1907 as inspector of 
construction at the Moncton Shops of the Intercolonial Railway and 
during the year following his graduation was engineer in charge of the 
erection of the gas-engine power plant and other machinery at the 
Moncton Shops. 

He then went to Vancouver, B.C., where he engaged in the design 
and construction of penstocks at the Stave Falls plant of the Western 
Canada Power Company for approximately two years. He was also 
engaged on the design and erection of their towers for the original 
high-tension transmission line from Ruskin. From 1911 to 1913 he 
was chief engineer and designer for the Segur Oil Refineries, Ltd., 
Vancouver, and also the British Columbia Fish Oil Refinery. 

Returning to Montreal in 1913, Mr. Bristol entered the employ of 
Armstrong-Whitworth of Canada, Ltd., as assistant engineer to Mat- 
thew J. Butler, who had been helpful to him in connection with his 
engineering studies and at whose suggestion he later became a mem- 
ber of the A.S.M.E. Mr. Butler’s memorial notice appears else- 
where in this issue. Mr. Bristol was put in general charge of the 
Mechanical Department, designing and supervising the erection of 
the boiler plant and electrical equipment, selecting machinery and 
tools, ete. Early in 1914 he was appointed general superintendent of 
the company, which sent him to England to make a special study of 
tool- and alloy-steel manufacture. This was the background for his 
later work as a metallurgist in the manufacture of steel by electric 
and crucible processes. 

Late in 1919 Mr. Bristol again went to Vancouver, where he en- 
gaged in private consulting work and later became mechanical engi- 
neer and metallurgist for the Vancouver Engineering Works. 

After leaving that company in July, 1926, he was engaged by the 
National Supply Company of California to improve output and re- 
duce costs at the Union Tool Division, Torrance, Calif. 

Since 1931 he had been connected with the Latrobe Electric Steel 
Company, Latrobe, Pa., manufacturers of electric-furnace steels, as a 
metallurgist. He died at Latrobe of a heart attack on April 23, 1934. 
His widow, Jessie D. (Ross) Bristol, whom he married in 1922, sur- 
vives him. 


OLIVER CROMWELL BROOKS (1876-1936) 


Oliver Cromwell Brooks, who was born in Philadelphia, Pa., on 
June 15, 1876, came of engineering families on both his mother’s and 
his father’s sides. His mother, Julia Carrie Bormann, was the daugh- 
ter of Johann Carl Eduard Bormann, a graduate of the Royal Tech- 
nical Institute of Dresden in 1837. His father, Arthur Gilman 
Brooks, and his uncle, Emery James Brooks, were both engineers in 
the United States Navy during Civil War times. Three of his cous- 
ins, William H. Sayre, Allen Brooks Cuthbert, and James Emery 
Brooks, were mechanical or civil engineers. i 

Oliver Brooks attended the Philadelphia public schools, including 
the Technical Manual Training School, and also had private instruc- 
tion. After a few months with the Keen Sutterlee Company, Phila- 
delphia, he was engaged by the Camden (N.J.) Lighting & Heating 
Co., to work on plans for new lighting and power plants. Later he 
was put in charge of erection, laying out of all work, and installation 
of boilers, engines, generators, etc. He designed special tubular 
boilers and a self-sustaining steel stack. During the period spent 
with this company he also mapped lighting and power circuits in 
Camden, made a survey for water lines, wells, etc., for the town of 
Merchantville, N.J., and worked on glass-furnace designs and special 
molds used in the manufacture of bottles. 

In May, 1898, Mr. Brooks entered the portland cement industry 
as draftsman for the Alpha Portland Cement Company, Easton, Pa. 
After a few months he was made assistant superintendent and during 
the latter half of the nearly twelve years he was connected with the 
company, he served as chief mechanical engineer, in full charge of the 
design and erection of all work at their several plants. 

The next company with which Mr. Brooks was connected was the 
Texas Portland Cement Company of Dallas. He became assistant 
superintendent there in May, 1910, and continued in that position 
until early in 1912. He left to enter the consulting field in Dallas in 
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association with L. L. Griffiths, who had been general superintendent 
of the Texas Portland Cement Company. Mr. Griffiths was presi- 
dent and Mr. Brooks secretary of the L. L. Griffiths Engineering Co. 
The announcement of the formation of the company brought Mr. 
Brooks many letters, from one of which may be quoted the following 
comment on his previous work: 

‘There is no question of your ability to successfully engage in the 
work contemplated, starting as you did as one of the pioneers in the 
portland cement industry in the United States. Your twelve years’ 
connection with the Alpha Portland Cement Company as chief engi- 
neer, during which time you had charge of the design and building of 
new plants, altering and improving old ones, and selecting and in- 
stalling the machinery used in the mills and power houses, has given 
you a broad and varied experience in civil, mechanical, and electrical 
engineering, which will make for the success of the work you under- 
take, and for the clients retaining you.” 

The company was of short duration, however, as better opportuni- 
ties soon developed for both men. Mr. Brooks went to New York as 
engineer for the Robins Conveying Belt Company. After several 
years there he went to Baltimore, Md., where he was connected first 
with the Baltimore & Ohio R.R. and then with the International Con- 
veyor Corporation, for which he was chief engineer. Later his work 
for this company took him back to New York. 

In 1922 Mr. Brooks again became identified with the portland ce- 
ment industry as assistant superintendent and chief mechanical engi- 
neer of the Michigan State Cement Plant at Chelsea, Mich. Since 
he left there in 1927 he had not worked continuously. He was con- 
sulting engineer for the Amtorg Trading Company in New York for a 
time and more recently had worked for the firm of Hickman and 
Williams, of St. Louis, Mo. He died in New York on April 29, 1936. 

Mr. Brooks had been a member of the A.S.M.E. since 1912 and was 
a Mason. His recreations were reading, fishing, and hunting. He 
had never married. 


THOMAS Van WYCK BRUSH (1885-1935) 


Thomas Van Wyck Brush, superintendent and chief engineer of the 
Palmer House, Chicago, IIl., died in that city on April 1, 1935. He 
was born in Brooklyn, N.Y., on January 6, 1885, son of Thomas Van 
Wyck and Emma E. Brush. He attended the Brooklyn Public 
Schools and took courses through the International Correspondence 
Schools, Scranton, Pa. His early engineering work was in New York, 
first as electrical engineer in charge of plant maintenance in the Singer 
Building from 1904 to 1910, and then as engineer in charge of plant 
operation and maintenance and advisory engineer on matters relating 
to mechanical and electrical construction of the Lord & Taylor depart- 
ment store at Fifth Avenue and Thirty-Eighth Street. 

In 1914 Mr. Brush went to Trenton, N.J., to enter the employ of 
the Globe Rubber Tire Manufacturing Company. He was there for 
five years, serving as engineer in charge of maintenance and operation 
of building, power-plant, and mill machinery, and laying out and 
equipping two buildings for tire manufacturing and also a machine 
shop. He returned to New York to take the position of chief engi- 
neer at the Plaza Hotel, and remained there until he went to the 
Palmer House in 1924. 

Mr. Brush became an associate-member of the A.S.M.E. in 1921. 
He was also a member of the National Association of Stationary Engi- 
neers, New York Building Superintendents Association, and the Ma- 
sonic fraternity, being a member of the Scottish Rite and Shriners. 
He had served in the New York State Militia. 

Mr. Brush married Nora F. Piercy in 1906 and is survived by her 
and by two children, Claire E. and Victor V. Brush. 


JOHN H. BUCKLEY (1872-1935) 


John H. Buckley, who had been associated with the Otis Elevator 
Company, New York, N.Y., as a designer and mechanical engineer, 
the greater part of the time since 1902, died on March 3, 1935, at 
the United States Veterans Hospital, the Bronx. 

Major Buckley was born at Wassaic, N.Y., on November 21, 1872. 
He supplemented his public schooling with correspondence courses 
and private tuition and qualified as a master operating engineer. 
His early experience was with the Brown & Sharpe Manufacturing 
Co., Providence, R.I., U.S. Rubber Co., Trenton Oil Cloth & 
Linoleum Co., as master mechanic, Bridgeport Brass Company, in 
charge of a rod and tube mill, and Hodgman Rubber Company, as 
chief engineer. 

He was with the Otis Elevator Company from 1902 until the begin- 
ning of the World War. He served as a major in the Ordnance 
Department through the war and from 1930 until his death was 
Commanding Officer of the 40th Engineers, U.S.A. From 1922 to 
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1929 he was inspector of construction for the Interborough Rapid 
Transit Company, and since then had been with the Otis company. 

Major Buckley became a member of the A.S.M.E. in 1912. He was 
a former commander of Yonkers Commandery, Knights Templar, 
and a Royal Arch Mason. Two sons, Chester and Will Buckley, 
survive him. 


LOUIS HENRY BURKHART (1869-1935) 


Louis Henry Burkhart, chief engineer of the Struthers Wells- 
Titusville Corporation, Warren, Pa., died at the St. Francis Hospital, 
Pittsburgh, Pa., on March 5, 1935. He was born on May 23, 1869, 
in Louisville, Ky., a son of John and Emma (Johnson) Burkhart. At 
the age of thirteen he moved to Norborne, Mo., where he completed 
his preparatory education. He took the normal course at the Uni- 
versity of Missouri, after which he taught in the Missouri schools for 
several years. He then returned to the University to continue his 
studies, graduating in 1897 with a B.S. degree in mechanical engineer- 
ing. 

Immediately following his graduation Mr. Burkhart accepted a 
position with the Struthers-Wells Company. For a short time he had 
charge of the Estimating and Order Departments, but soon became 
engineer in charge of the Plate Department. He left the company in 
March, 1903, to become superintendent of the Crescent Iron Works, 
Springfield, Mo., but returned in August of that year as chief engineer 
of the company. He had served as a director of the Struthers Wells- 
Titusville Corporation since February, 1926. 

During his many years with the Struthers-Wells Company, Mr. 
Burkhart designed and developed a great deal of equipment and ap- 
paratus. A list which he prepared at the time he became a member 
of the A.S.M.E. in 1921 included the pressed-metal transformer cases 
on which he secured a patent in 1912 and which were adopted by the 
large electric companies; wood-distillation apparatus, particularly 
that for the Seaman process for the utilization of wood waste; spe- 
cial activating apparatus for the production of carbon for gas masks; 
and equipment for explosives factories, sugar centrals, turpentine 
plants, soap factories, carbon-black plants, and by-product coke 
plants. He had also developed other special apparatus for the chemi- 
cal and oil industries, glass-making machinery, hydraulic equipment, 
such as penstocks, flumes, and distributors, self-supporting stacks, 
elevated tanks and towers and water towers, fire- and water-tube and 
special waste-heat boilers, steam and gas engines, and dies and form- 
ers for pressing, flanging, and drawing, and had directed the manu- 
facture of structural steel for factories, etc., and selected machinery 
and equipment for manufacturing plants. This list, to which later 
years added many new items, indicates the breadth of his experience 
and his value to the Struthers-Wells Company. 

Mr. Burkhart was a member of the American Welding Society and 
of its Conference Committee to the Subcommittee on Welding, of 
the A.S.M.E. Boiler Code Committee. He had also served as a 
member at large of the Joint Research Committee on Welding of 
Pressure Vessels, which was discharged in 1931, and of its Subcom- 
mittee on Procedure. 

He was a pioneer in the development and application of gas and 
electric welding to steel-plate construction and special machinery, 
as well as the application and use of the modern metals and alloys in 
welded construction. 

Mr. Burkhart was also active in community affairs, a deacon in the 
First Baptist Church, director of the Warren Y.M.C.A., and also 
a director of the Warren National Bank for several years. He had 
served as a member of the school board during the time that a re- 
construction program was carried out which resulted in the commu- 
nity’s having some of the finest public schools in the section. For 
many years he was active in the Kiwanis Club. 

Mr. Burkhart married Elizabeth Hoddle, of Norborne, Mo., in 
1898, who survives with two sons, William H., of Baltimore, Md., 
and Louis H., Jr., of Union City; two grandchildren, Diane and Cyn- 
thia Burkhart; and two brothers, Richard W., of Tulsa, Okla., and 
John Burkhart, of Kansas City, Mo. 


BRUCE ARTHUR BUTCHER (1900-1934) 


Bruce Arthur Butcher, who became a junior member of the 
A.S.M.E. in 1928, died on August 6, 1934, at Prescott, Ariz., after 
being in poor health for some time. He is survived by his widow, 
Hazel Martha (Raver) Butcher, whom he married in 1929, and by 
their son, Allen Arthur Butcher. 

Mr. Butcher was born at Jackson, Mich., on August 6, 1900, son 
of Arthur Lewis and Jessie (Anderson) Butcher. After graduating 
from the Jackson High School he entered the University of Michi- 
gan, from which he received a B.S. degree in mechanical engineering 
in 1923. He was elected to membership in the honorary fraternities, 
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Sigma Xi and Tau Beta Pi. He was employed during the following 
year as a draftsman, first by the Reo Motor Car Company, Lansing, 
Mich., and later by the Hayes Wheel Company, in Jackson, for which 
he did layout work on woodworking machinery. 

In May, 1924, he began work in the Mechanical Engineering Depart- 
ment of the Commonwealth Power Company, Jackson, collecting, com- 
puting, and recording operating data for plants and their equipment. 
ill health prevented him from working part of 1926 and 1927, and 
subsequently he was engaged in detail and layout work on outboard 
motors for the Lockwood Division of the Outboard Motors Corpora- 
tion, Jackson. In August, 1928, he returned to the Commonwealth 
Power Company to work on layout of piping for power plants. After 
completing his work for that company the following year he was not 
regularly employed, but worked at different times for the Engineering 
Department of Allied Engineers, Inc., Jackson, on power plant pip- 
ing layouts; for the Republic Iron & Steel Co., Youngstown, Ohio, 
in electrification and waste-heat investigation; for the International 
Nickel Company, at Copper Cliff, Ontario, Canada, in an investiga- 
tion of a waste-heat installation; and as draftsman for Stevens & 
Wood, Inc., Jackson, and the Firestone Tire & Rubber Co., Akron. 


MATTHEW JOSEPH BUTLER (1856-1933) 


Matthew Joseph Butler was born of Irish parentage, at Deseronto, 
Ont., Canada, on November 19, 1856, the son of Tobias and Eliza- 
beth (McVey) Butler. 

After completing the public school course, he entered University 
College, Toronto, Ont., Canada. In 1874, on leaving University, he 
was articled to the engineering firm of Evans and Bolger, at Belle- 
ville, Ont. On the completion of his articles in 1878, Mr. Butler en- 
tered private practice and, in 1880, had charge of the extension of the 
Bay of Quinto Railway. In 1882, he was engineer in charge of the 
location and construction of the Thousand Islands Railway, and dur- 
ing the following five years he was active in railway location and con- 
struction projects throughout Ontario. 

In 1887, Mr. Butler entered the service of the Atchison, Topeka 
and Santa Fé Railway Company in Kansas and Colorado. In 1890 
he returned to Canada to become manager and part owner of the 
wood-pulp mill, at Riviére du Lac, Que., Canada, and during the 
following five years was identified with a number of railway and in- 
dustrial projects, including a cement factory, lumber mills, and brick 
plants. At the same time he held the position of chief engineer for 
the Bay of Quinto Railway during the construction of the Sydenham 
Branch of that system. In 1895 he built the Oshawa, Ont., Electric 
Railway. 

From 1895 to 1900, Mr. Butler was engaged in general consulting 
work and, during this period, he devoted himself to the study of law. 
He was graduated from Kent College of Law, Chicago, Ill., with the 
degree of doctor of laws, and was admitted to the Bar of the State of 
Illinois in 1897. 

From 1900 to 1904, he was in charge of the building of the Hills- 
borough Bridge at. Charlottetown, Prince Edward Island, during 
which difficult conditions were encountered, necessitating the sinking 
of pneumatic caissons 100 ft below tide level. The successful accom- 
plishment of this project was always looked upon by Mr. Butler as 
his most noteworthy professional work. It brought him to the notice 
of the Canadian Government by which he was engaged as assistant 
chief engineer of the 1800-mile section of the Grand Trunk Pacific 
Railway from Moncton, N.B., to Winnipeg, Man., Canada. In 
addition to the regular duties which this position demanded, Mr. 
Butler acted as adviser to the Grand Trunk Pacific Railway Company 
in drawing up field specifications under which the road was con- 
structed. This position was held from September, 1904, until May, 
1905, when Mr. Butler resigned to receive the appointment of deputy 
minister and chief engineer of the Federal Department of Railways 
and Canals of Canada, and also chairman of the Board of Manage- 
ment of the Canadian Government Railways. In January, 1910, he 
resigned these positions to become second vice-president and general 
manager of the Dominion Iron and Steel Company, Dominion Coal 
Company, and Associated Companies. This position he filled until 
1913. During his tenure of office as general manager, an extensive 
construction campaign, including important additions to the steel 
works and mines, was undertaken and completed. 

On leaving the Dominion Steel and Coal Companies he became as- 
sociated with the Sir W. G. Armstrong-Whitworth Company and was 
appointed chief engineer and superintendent of construction for its 
Canadian plant, which was begun at Longueuil, Que., in 1913 and 
completed in July, 1914, just before the outbreak of the World War. 
Mr. Butler then became managing director and designed and built 
additions to the plant for the manufacture of high-speed crucible steel 
and installed electric smelting furnaces to supply many of the special 
steels required during the war period. 


RI-45 


On account of ill health, he resigned from this position in 1918, and 
to the time of his death on June 22, 1933, was practically retired from 
all professional work, except to act as adviser in special lines of con- 
struction work. 

In 1880, Mr. Butler was married to Lorette M. J. Shibley, who pre- 
deceased him. He is survived by two daughters. 

Notwithstanding his very busy and varied career, Mr. Butler yet 
found time, in 1900, to act on the Royal Commission on Municipal 
Assessment and Taxation, and, in 1907, to become a member of the 
Royal Commission of Forestry. He was a Fellow of the Royal So- 
ciety of Arts; a member of the Royal Art Society of Canada; and a 
member of the Institution of Civil Engineers, of London, England, 
the Engineering Institute of Canada (president in 1914), the Ameri- 
can Society of Civil Engineers, and The American Society of Mechani- 
cal Engineers, which he joined in 1912. He was decorated by His 
Majesty King Edward VII as Companion of the Order of St. Michael 
and St. George for distinguished service in Canada. In 1917, he re- 
ceived the degree of doctor of laws from St. Francis Xavier College, 
Antigonish, N.S., Canada. 

Mr. Butler's varied professional experience, his wide range of tech- 
nical reading, and his keen interest in engineering problems, made his 
advice on all professional subjects particularly valuable. He showed 
great interest in young members of his own profession and was always 
glad to assist and encourage them in their work. The sympathy and 
understanding he showed in such cases endeared him to all engineers 
who were fortunate enough to be associated with him. He was al- 
ways an interesting and pleasant companion, a faithful friend, and a 
true gentleman. His death removes one of the last of the old school 
of engineers who played so important a part in the railway and indus- 
trial expansion of Canada. [Memoir prepared by D. H. McDovGatt, 
Esq., Stellarton, N.S., Canada, for the Transactions of the American 
Society of Civil Engineers. } 


LOUIS GEORGE CARPENTER (1861-1935) 


Louis George Carpenter, formerly state engineer of Colorado and 
internationally known as an authority on irrigation, of which he was 
one of the early and chief developers in the Rocky Mountain States, 
died at St. Luke’s Hospital in Denver on September 12, 1935, after a 
long illness following a stroke of paralysis at his home in that city. 

For nearly half a century he fought Colorado’s battles for her right- 
ful share from interstate streams. His contributions to the increas- 
ing knowledge of irrigation brought him high honors from France, 
Canada, and the Government of the United States. His books on 
irrigation are standard reference works used in universities in many 
lands. 

Born on March 28, 1861, at Orion, Mich., he came from a family 
that pioneered in the development of America. His father, Charles 
Ketcham Carpenter, was descended from three of the original pro- 
prietors of Providence, R.I. His mother, Jeannette (Coryell) Car- 
penter, traced her descent from the earliest Dutch settlers of the 
seventeenth century in New Netherland, and from a French Hugue- 
not ancestor who came to America in 1700. 

Louis Carpenter attended Michigan Agricultural College, where he 
obtained his B.S. in 1879 and his M.S. degree in 1883. His frater- 
nity was Delta Tau Delta. He did postgraduate work at Michigan 
University in 1884 and at Johns Hopkins University from 1885 to 
1888. He was instructor in mathematics at Michigan Agricultural 
College, 1881 to 1885, and then until 1888, assistant professor of 
mathematics. 

In February, 1887, at Jackson, Mich., he married Mary J. C. 
Merrill of Lansing, and the following year took his young wife to 
Colorado, having accepted the appointment of professor of engineer- 
ing and physics at the Colorado Agricultural College at Fort Collins, 
a position he held from 1888 to 1911. ; 

During this period his reputation as an irrigation engineer circled 
the globe and brought him honors and medals from foreign govern- 
ments. His first year at Fort Collins saw him organizing the first 
systematic instruction in irrigation engineering and investigation in 
that line in the United States, and in addition to becoming irrigation 
engineer of the Colorado Experiment Station, he was the irrigation 
expert for the United States Department of Agriculture. He was di- 
rector of the Experiment Station from 1899 to 1910 and wrote nu- 
merous administrative and technical reports, papers on investigations, 
engineering, irrigation, etc., that became authoritative works on 
these subjects. 

France bestowed upon him the ribbon and order of Chevalier du 
Mérite Agricole in 1895, and in 1900 at the Paris Exposition he was 
awarded a gold medal. Another gold medal was bestowed on him in 
recognition of his contributions to the science of irrigation, at the 
Portland Exposition. 

In addition to his duties as a member of the faculty of the State 
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Agricultural College, he did much important work for the United 
States Government. He was special agent for the Department of 
Agriculture, making the arduous artesian well investigation in 1890, 
and in 1900 wrote the voluminous ‘‘Reports on Artesian Wells of 
Colorado and New Mexico,”’ the investigation report for Congress, 
and predicted the limits of the artesian basin of the San Luis Valley, 
Colorado. 

He was sought by British Columbia to draw its Provincial irrigation 
code. In 1907 and 1908 he was a member of the irrigation commis- 
sion of that Canadian province to determine the foundations for a 
new water code, which was adopted by the Parliament. An already 
internationally recognized authority in irrigation litigation, he was 
the principal expert in the celebrated international case of the United 
States versus the Rio Grande Dam, this concerning the great Ele- 
phant Butte project. 

He was the consulting engineer and irrigation expert for the State 
of Colorado, 1903 to 1907, in interstate litigation, appearing in the 
suits brought by Kansas and by Wyoming against Colorado. In the 
Kansas suit he made the physical and engineering investigation to 
present to the United States Supreme Court, and was the consulting 
engineer preparing the case for Colorado in the suit brought by Wyo- 
ming. In 1920 both sides in the dispute over the waters of the North 
Platte in the case of the United States versus Wyoming, selected Dr. 
Carpenter as arbitrator and he refereed the claims, counterclaims, 
and water questions between Wyoming and the United States. He 
was selected by both parties as referee and chairman of the board of 
arbitration to settle the electric lighting controversy in 1907 between 
Colorado Springs and the Colorado Springs Lighting Company in- 
volving determination of disputed engineering questions of contract, 
making the leading case. 

Pueblo, Canon City, and Salida engaged him as their expert in 
stopping the pollution of the Arkansas River through mining opera- 
tions. He was consulting engineer for many important dams, irriga- 
tion, and hydraulic enterprises, and was a member of the commission 
to locate the Gunnison Tunnel. 

In a life extraordinarily busy, he found time to write authoritative 
volumes that are recognized the world over, among them ‘‘Water 
Measurement,”’ introducing the trapezoidal weir, now universally in 
use; and ‘‘The Duty of Water,’’ which embodies the report of the 
first systematic investigation. His comprehensive work on seepage, 
measurement of losses, etc., from reservoirs, canals, and streams em- 
braced findings covering many thousand of miles. He supplemented 
his valuable volume on ‘‘Forests and Snow’’ by extensive winter ob- 
servations. His ‘‘Meteorological Records’’ was of extensive charac- 
ter, including highly important new facts on solar radiation. These 
contributions led to his appointment as coeditor of the Standard 
Dictionary. 

Dr. Carpenter was state engineer of Colorado, 1903 to 1905, his 
office having charge of the entire irrigation system. The late Enos 
Mills, of Estes Park, was employed by Dr. Carpenter as a snow ob- 
server for several years and his winter journeys through the forests 
and above the timberline gave Mills the material that afterward 
formed the magazine articles and books bringing him fame as a natu- 
ralist. Dr. Carpenter was struck with the occasional poetic and 
vividly descriptive phrases occurring in the otherwise dry reports and, 
himself a writer, he encouraged the young observer to tell the world 
of the wild life he encountered in the high mountains. 

Dr. Carpenter served his state and country in the World War as a 
member, one of the first seven, of the Colorado State Council of De- 
fense, the first of such boards organized in the United States. During 
the two years, 1917-1919, he was director of the department of pub- 
licity and information of the Council, and was also vice-chairman of 
the Explosives Board. 

Many honors came to him. He was president of the American 
Society of Irrigation Engineers, 1893-1895; vice-president, American 
Association of Agricultural Colleges and Experiment Stations, 1900; 
chairman of the engineering group of the Denver Chamber of Com- 
merce, 1913-1926; president, Colorado State Historical Society, 
1918-1920; president, Colorado Scientific Society, 1925-1928; 
president, Colorado Engineering Council, 1923; Fellow of the Ameri- 
can Association for the Advancement of Science; delegate to the 
World’s Engineering Congress, Tokio, Japan, 1929. He was a mem- 
ber of the American Institute of Electrical Engineers, the Society for 
the Promotion of Engineering Education, one of the incorporators 
and an honorary member of the Michigan Engineering Society, mem- 
ber of the American Society for Testing Materials, The American 
Society of Mechanical Engineers (since 1923), Colorado Academy of 
Sciences, Society of the American Revolution, Society for the Promo- 
tion of Agricultural Science, and the Forestry Association. 

From 1908 to 1914 he was a director of the First National Bank of 
Fort Collins, and from 1910 to 1915, president of the Fort Collins 
Building and Loan Association. Actively aiding in the development 


of the rich agricultural districts in northern Colorado, Dr. Carpenter 
was president of the Windsor Land Company and the Tongue Creek 
Orchard Company. 

He was an authority on the history of Colorado, and his library, one 
of the largest private collections in the West, contains many rare 
first editions and books of the early West that are eagerly sought by 
collectors. Recently he presented the Denver Public Library with 
hundreds of technical and scientific works of great value. As he was 
versed in French and Italian and other languages, his library contains 
the leading works in first printings of Europe's noted scientists. 

For years he had devoted his spare time to translating Leonardo 
Da Vinci and had assembled a notable collection of the works of that 
remarkable man of many brilliant gifts. His fame as an authority 
on Da Vinci brought him correspondence from literally over the 
world. So well was he known to French scholars that Marshal Foch, 
French World War hero, when in Denver in 1921, sought Dr. Carpen- 
ter out for a visit. 

Mrs. Carpenter died on July 4, 1921. There were two children 
by this marriage. Charles L. Carpenter, born in 1889, and recently 
deceased, was captain of a motor truck company in the A.E.F. in 
France, and participated in American major engagements during the 
War. A daughter, Jeannette C. (Mrs. Roe) Emery, survives him, as 
does also his second wife, Katherine M. (Warren) Carpenter, three 
sisters, a brother, Judge W. L. Carpenter, Detroit, Mich, and five 
grandchildren. Another brother, who died in 1919, was Professor 
Rollo C. Carpenter, a former vice-president of the A.S.M.E. and long 
a prominent member of the faculty of Sibley College, Cornell Uni- 
versity. The two brothers were associated in consulting practice for 
a number of years.—[Memorial prepared by THomas B. STEARNS 
and Frank E. SHeparp, Denver, Colo., and L. D. Cratn, Fort Col- 
lins, Colo., Members of the A.S.M.E.] 


JOHN RICHARD CAVE (1879-1935) 


John Richard Cave, for more than twenty years fuel engineer for 
the Board of Education of the City of New York, died at his home in 
Bayside, Long Island, N.Y., on August 18, 1935. 

A native of England, Mr. Cave was born at Liverpool on June 13, 
1879, son of John Richard and Elizabeth Taylerson (Barnes) Cave. 
He was educated in England, securing his preparatory schooling at 
Truro College and studying civil engineering at Trinity College, 
Dublin, and mining and mechanical engineering at the University of 
Cornwall. 

Mr. Cave’s first position was that of electrical and mechanical 
engineer for the French telegraph and cable bureau. He began work 
for the City of New York as draftsman for the Topographical Bureau 
in the Borough of Queens and after a short time there became as- 
sistant engineer in the Department of Water Supply, Gas and Elec- 
tricity. He was in charge of engine and boiler construction, inspec- 
tion, and erection, but was chiefly engaged in investigating conditions 
relative to steam-plant economy. He conducted fuel tests at the 
Department’s testing station at Flushing, N.Y., and at the Ridge- 
wood Pumping Station in Brooklyn. In 1912 he was made engineer- 
in-charge of the Fuel Economy Bureau of the Department. 

Appointed fuel engineer to the Board of Education in 1913, Mr. 
Cave devoted the remainder of his life to problems relative to the 
economic consumption of fuel in the boiler plants of the city’s school 
system. He made fuel-waste investigations, and recommended types 
of fuel, equipment, and installations best suited to the growing 
needs of the system. ; 

At the time of his death he was consulting fuel engineer to the 
Board of Estimate and Apportionment and fuel engineer of the Board 
of Education. He served as a Deputy Sheriff of Queens County from 
1932 to 1935. 

Mr. Cave invented an automatic stoker for domestic heating instal- 
lations and a driving mechanism, similar to free-wheeling, for motor 
vehicles. 

Keenly interested in yachting, Mr. Cave had been a member of the 
Bayside Yacht Club since 1912 and had served on several of its com- 
mittees. He became a member of the A.S.M.E. in 1913. 

Surviving Mr. Cave are his widow, the former Miss Wilhelmina 
Marie Gerken, whom he married in 1901, and three children, John 
Richard Cave, Jr., and two daughters, Vivian Dorothy and Marjory 
Willa Cave. 


JOHN WELKER CHINN (1903-1936) 


John Welker Chinn, a member of the technical staff of the Bell 
Telephone Laboratories, New York, N.Y., engaged in the develop- 
ment of microphones and electrical vibration instruments, died on 
February 7, 1936, following an operation for appendicitis. 

Mr. Chinn was born at Odon, Ind., on August 15, 1903, a son of Al- 
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fred Price and Eva G. Chinn. He prepared for college at the Gar- 
field High School, in Terre Haute, Ind., and was graduated from Rose 
Polytechnic Institute with a B.S. degree in 1930. Immediately 
following his graduation he joined the Systems Development De- 
partment of the Bell Telephone Laboratories. ‘Two months later he 
was transferred to the Transmission Instruments Department of the 
Research Department where for two years he was connected with the 
development and improvement of electromechanical recorders for 
sound on disks and with the development of apparatus for blind flying. 
Since 1932 he had been with the transmitter groups and had worked 
on development problems relating to the handset transmitter and on 
analytical design studies of transmitters, receivers, and handsets. 

Mr. Chinn became a member of the Student Branch of the Society 
while attending Rose Polytechnic Institute and a junior member of 
the Society in 1930. He also belonged to the Theta Xi fraternity. 
He was a first lieutenant in the 439th Engineers Officers Reserve 
Corps. He is survived by his widow, Mrs. Jessica P. (Taylor) 
Chinn; a son, John Sidney Chinn; his mother; and two sisters and 
two brothers. 


MARTIN H. CHRISTOPHERSON (1866-1935) 


Martin H. Christopherson, safety engineer and director of service 
for the New York State Insurance Fund, died at his home in Yonkers, 
N.Y., on September 9, 1935. He was connected with the elevator 
industry in numerous capacities from the time he entered the Crane 
Elevator Company as an apprentice until his death, a period of 55 
years of continuous service. 

Mr. Christopherson had served the New York State Labor Depart- 
ment since 1917, when he was appointed a member of the State Indus- 
trial Council. In 1921 he was made deputy industrial commissioner, 
a post which he held until he became connected with the State Insur- 
ance Fund in 1923. He also was a member of The General Supervi- 
sory Committee having charge of the Annual State-Wide Accident 
Prevention Campaigns of the Associated Industries of New York 
State, Inc. 

Born at Horten, Norway, on June 6, 1866, he was brought to the 
United States by his parents when he was three years old. He at- 
tended high school in Chicago and began work with the Crane Ele- 
vator Company in that city. He was manager in charge of manufac- 
turing for the Otis Elevator Company, at the Chicago works, from 
1905 to 1909, and during the next nine years served the company as 
general works manager in charge of all works and engineering, with 
headquarters at the New York office. 

During the years 1918-1920 Mr. Christopherson was manager of 
the Otis Ordnance Works at Chicago, supervising the manufacture of 
240-mm French howitzer recuperators for the U.S. Ordnance De- 
partment. In 1920 he became president of the Davenport Manufac- 
turing Company, Davenport, Iowa, and equipped the plant for the 
manufacture of internal-combustion oil engines. He served the Otis 
Elevator Company in the capacity of consulting engineer from 
1920 to 1934. 

Mr. Christopherson became a member of the A.S.M.E. in 1923 and 
rendered valuable service on a number of its committees. His ex- 
perience in the manufacture of elevators made him a very acceptable 
chairman of the Special Research Committee on Elevators, and he was 
also a member of the Nominating Committee of that group. 

He represented the International Association of Industrial Accident 
Boards and Commissions on the Sectional Committee on Safety 
Code for Elevators, and was chairman of its Subcommittee on Re- 
search, Recommendations, and Interpretations. He was a member 
of the original committee known as the A.S.M.E. Committee on Pro- 
tection of Industrial Workers, which developed the first edition of 
the safety code for elevators in 1921. 

Mr. Christopherson also represented the International Association 
of Industrial Accident Boards and Commissions on the Sectional 
Committee on a Safety Code for Conveyors and Conveying Ma- 
chinery and served on its Subcommittee No. 3 on Gravity Conveyors 
and Chutes, Live Roll Conveyors, and Subcommittee No. 4 on Spiral 
and Track or Scraper Conveyors. 

For four years Mr. Christopherson served on the A.S.M.E. Com- 
mittee on Safety. He was a member of Subcommittee No. 4 on the 
Use of the ASA Code Versus State Codes, of the Sectional Committee 
on a Safety Code for Mechanical Power Transmission Apparatus, and 
represented the A.S.M.E. on the ASA Safety Code Correlating Com- 
mittee, taking a leading part in its activities. He was also a member 
of the National Safety Council. 

Surviving Mr. Christopherson are his widow, Ida G. (Hanson) 
Christopherson, and five children, Mrs. B. D. Cannon, of Milford, 
Conn., and Dorothy, Marvin T., Robert, and Harold, all of whom 
have taken the name of Christy. 


JOHN WILLS CLOUD (1851-1936) 


John Wills Cloud, who became a member of the A.S.M.E. in 1880 
and who was formerly chairman of the Westinghouse Brake Company, 
Limited, London, England, died on January 14, 1936. He had been 
connected with the company for 46 years, from the days when George 
Westinghouse and H. H. Westinghouse were actively engaged in 
developing the Westinghouse brake. ; 

Mr. Cloud was born at Woodbury, N.J., on October 27, 1851. He 
was graduated from the Lawrence Scientific School of Harvard Uni- 
versity in 1873, with a B.S. degree. He studied both civil and me- 
chanical engineering, but devoted his final year exclusively to the 
latter. 

In 1874 Mr. Cloud entered the employ of the Pennsylvania Railroad 
in the Motive Power Department at Altoona, Pa. The following year 
he was placed in charge of the testing of materials used in construc- 
tion. He also investigated the efficiency of engines and fuels, exam- 
ined railway supplies in general, and tested patented devices appli- 
cable to railways. In 1879 he was given the title of engineer of tests, 
and continued in that position until 1887. During the next two years 
he was superintendent of motive power for the Erie Railroad, Buffalo, 
Wey. 

Mr. Cloud’s association with the Westinghouse companies began 
in 1889 as western representative, with headquarters in Chicago, and 
he continued in that capacity for ten years. In 1899 he went to 
London to become vice-president of the Westinghouse Brake Com- 
pany, Limited, an office which he held until 1920. From then until 
1931 he was chairman of the company, and from 1931, after his re- 
tirement from the chairmanship, he had been an active director of 
the London company. He made outstanding contributions to air- 
brake progress and was the inventor of the quick-acting triple valve 
for European service. He traveled widely and took a keen interest 
in the development of the Westinghouse brake on the Continent. 

In addition to his membership of more than fifty-five years in the 
A.S.M.E., Mr. Cloud was a Fellow of the American Association for 
the Advancement of Science and a member of the Institution of Me- 
chanical Engineers, the Royal Society of Arts, The Franklin Insti- 
tute, and other scientific and engineering societies. He served as 
secretary of the Master Car Builders’ Association when located in Chi- 
cago. Since taking up his residence in London he had become a 
British citizen. 


FRANK J. COADY (1893-1934) 


Frank J. Coady, who was killed in an automobile accident on Sep- 
tember 29, 1934, was born in Philadelphia, Pa., on June 8, 1893. His 
parents were Harry Stephen and Anna C. Coady. Supplementing 
his four years at the Roman Catholic High School in Philadelphia, he 
took evening courses at the Central High School for a year, studied 
electrical engineering at Lehigh University for four months, and took 
the mechanical engineering course at Drexel Institute. 

Mr. Coady’s first position was with the Midvale Steel Company, 
Philadelphia, from 1912 to 1916, his duties including estimating 
for machine work, inspection of patterns and castings, general iron 
and steel foundry work, and supervision of cupola and annealing fur- 
naces. During the next four years he was engaged in shipbuilding, 
chiefly as draftsman on engine and boiler-room layouts. He worked 
successively at the Navy Yards at Norfolk, Va., and Philadelphia, 
the Chester Shipbuilding Company, Bethlehem Shipbuilding Com- 
pany, New York Shipbuilding Company, Camden, N.J., and Federal 
Shipbuilding Company, Kearney, N.J. 

In 1920-1921 he was designing draftsman, in charge of engine and 
boiler-room piping and machinery layouts, at the Vulcan Iron Works, 
Jersey City, N.J., and from then until 1923 was draftsman on aerial 
tramways for the American Steel & Wire Co., Trenton, N.J. Dur- 
ing the remainder of his life he was connected with the National Airoil 
Burner Company, Philadelphia, for the first three or four years as de- 
signing draftsman for various types of oil-fired furnaces and thereafter 
as chief engineer in charge of designing oil burners and making oil- 
burning layouts for power plants, the steel, glass, and ceramic indus- 
tries, iron and brass foundries, refineries, etc.” 

Mr. Coady became an associate member of the A.S.M.E. in 1925 
and belonged to the Engineers Club of Philadelphia. He is survived 
by his widow, the former Miss Josephine C. Dickel, whom he married 
in 1925. 


THOMAS FRANCIS COLLINS, JR. (1911-1935) 


Thomas Francis Collins, Jr., was born at Astoria, N.Y., on March 
11, 1911. His mother’s maiden name was Louise Catherine Eberle. 
He prepared for college at the William H. Hall High School in West 
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Hartford, Conn., and was graduated from the University of Vermont 
in 1933, with a B.S. degree in mechanical engineering. He was promi- 
nent in athletics at the University, playing football, basketball, and 
baseball. He was elected to membership in Sigma Nu fraternity and 
in the Gold Key and the Key and Serpent honor societies; was the 
first president of the ‘‘V’’ Club, permanent president of his class, and 
college senator; and was voted the most popular member of his class. 

Following his graduation he entered the employ of the Hartford 
Machine Screw Company, engaging first in time-study work and later 
becoming foreman of the special order department, the position which 
he held at the time of his death on May 14, 1935. 

Mr. Collins became a junior member of the A.S.M.E. in 1933. 


FREDERICK NEVIUS CONNET (1867-1935) 


On June 18, 1935, there passed away in Providence, R.I., at the 
age of sixty-seven, a member of the A.S.M.E. whose modesty of bear- 
ing was out of all proportion to his accomplishments as an inventor 
and anengineer. Frederick Nevius Connet left behind him enduring 
contributions to practical mechanics and hydraulics in a large number 
of devices of direct service to mankind. To the many who sought his 
advice on a great variety of questions he gave freely, but never with- 
out first keenly analyzing the problem, always illustrating graphically 
the conditions and the various steps in the solution. He often re- 
marked he ‘“‘could not talk without a pencil” and his unusual ability 
for sketching mechanical assemblies aided materially in clarifying 
these discussions. 

Mr. Connet was born on October 16, 1867, at Flemington, N.J., 
the son of Andrew J. and Joanna (Nevius) Connet. He received his 
early education in the public schools at Flemington. Later he at- 
tended Reading Academy, and in 1889 was graduated from Stevens 
Institute with the degree of mechanical engineer. His excellent 
thesis upon the then new subject of compounding locomotives pre- 
dicted unusual talents. He immediately entered the employ of 
Builders Iron Foundry, Providence, where, with the exception of one 
year at the Providence Engineering Works, he carried out his life’s 
work. 

Then, as now, the company turned out a large variety of special, 
often intricate, work, requiring excellence of design plus precision in 
casting and machining. The young engineer thus was met at once 
with a broad challenge; how completely he made good is still amply 
evident in the old files of drawings and in the recollections of the few 
still living with whom he was associated during this time. Space 
limitation prevents a detailed recital; it is adequate to say that his 
ingenuity contributed most importantly to details of design and shop- 
production methods of such material as 12-in. breech-loading rifled 
mortars, 123 of which were made in 1891 for the United States sea- 
coast defense; the Rider-Ericsson hot-air engine; the Lowry cotton- 
bailing press; 13 barbette gun carriages for the U. S. Army; and the 
well-known Rice and Sargent steam engines. 

In 1901 an order was taken from a New London shipbuilding con- 
cern for a special steel-plate planing and scarfing machine for the 
edges of boat plates. Previously it had been the practice to chisel- 
calk laboriously the edges of the overlapping plates at the joints to 
make them tight. This machine was designed by Mr. Connet to so 
face the edges of these long plates that they could be hammered down. 

All the details of design of a complex screw-propeller planer for 
the U.S. Navy were worked out by Mr. Connet in 1902 and the ma- 
chine was built in the Providence shops. The approximate dimen- 
sions were 9 ft high X 5ft K 8ft; the weight 10 tons. It operated on 
rough bronze propeller castings of two, three, or four blades with di- 
ameters varying from 5 in. to 24 in. It finished both the front and 
backs of the blades to the required pitch and form. The Navy was 
thus enabled to carry out many experiments of great importance upon 
moving ship models 20 ft long in the 500-ft model-testing basin in 
Washington. 

Perhaps at no time was Mr. Connet more prolific in design than 
when on atrain journey. He rarely returned without some new ideas 
on paper. On one short trip he removed his detachable cuff and 
sketched upon it the complete design fundamentals for the famous 
“Pull to Start, Pull to Stop” countershaft, which rapidly superseded 
the old wooden bar belt shifter. Thousands were sold. 

About 1904 the company began the manufacture of the d’Auria 
high-duty pumping engine with its ingenious “‘loop liquid flywheel,”’ 
which immediately attracted the attention of water-works men 
throughout the United States and Canada. The design details for 
these engines, built in capacities of from 1,000,000 to 10,000,000 gal- 
lons per day, were very largely Mr. Connet’s. 

Frequently he was called upon to devise some special machine tool 
for the shop. Once he made the complete designs for an electrically 
operated traveling crane of 35 tons capacity for the foundry, includ- 
ing a new and clever differential hoisting and trolleying control 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


mechanism for which a patent was granted. This crane isstill in serv- 
ice. His knowledge of shop methods enabled him to produce rapidly 
fully detailed drawings: these were always free-hand, but so neatly 
executed that they appeared to be mechanical. 

No doubt Mr. Connet will be longest remembered as the inventor 
of the first registering device for use with Herschel’s venturi tube. 
In 1892, with the collaboration of Walter W. Jackson, this highly in- 
genious machine was brought to successful completion. The inven- 
tion earned the award of the John Scott Medal. The citation 
reads, “Its invention, design, and perfection are the fruits of great 
ingenuity and of much knowledge and painstaking labor—of vast 
benefit to the community by making of the venturi meter a practical 
working tool.’’ A 36-in. venturi tube with the new register was 
exhibited at the Chicago World's Fair in 1893, measuring all the 
water supplied by the city. Curiously enough, this meter, which 
was regarded with no little skepticism, revealed an open branch 
valve and saved the exposition authorities some $25,000. The prin- 
ciple of integration is still in use by several instrument manufacturers. 
When telemetering seems now such a recent development, it is inter- 
esting to read in the first venturi catalog showing this register that 
‘there may also be an electric device by which the record may be 
made at any distance (several miles if desired) from the meter."’ The 
invention of the register alone would entitle Mr. Connet to permanent 
recognition in the field of hydraulics, but it seemed to awaken new 
avenues in his fertile mind and there followed in continuous succes- 
sion a great number of entirely new conceptions and improvements in 
flow metering and controlling devices. Some thirty patents were 
issued to him, among them the first venturi-filter effluent controller 
(now a requisite for all rapid sand filtration plants); an automatic 
reversible-flow venturi meter; sine integrator for differential instru- 
ments; mechanism for ship windlasses; automatic proportional flow 
regulator for two or more fluids (with Jackson and Gregory); vertical- 
spindle surface grinder; self-locking pump valve (with Richardson) ; 
automatic horsepower recorder for flowing fluids; multiple-pressure- 
chamber venturi tube; venturi meter for irrigation; distant signaling 
device; compound fire-service meter (with Graham); variable-speed 
device for automatically controlling chemical feeders; boiler feed- 
water regulator, floating-lever type; direct-acting flow controller 
(with Huxford); a meter for viscous oils. So well conceived and 
sturdily designed were his devices that many are still in daily use in 
municipal and industrial plants. 

Of an insatiably inquiring mind, Mr. Connet was an inveterate 
reader on many subjects, particularly those of a scientific nature. 
The possessor of an accurate and retentive memory, a keen observer, 
a lover of fine music, deeply appreciative of the beauties and wonders 
of nature—these traits, plus a generous attitude toward others, made 
him a delightful companion. The privilege of associating with him 
in the practice of his chosen profession had al! the attributes of a 
liberal education. 

Mr. Connet had been a member of the A.S.M.E. since 1908, and 
also belonged to the Providence Engineering Society. He is survived 
by his widow, Esther (Robinson) Connet, whom he married in 1892, 
and by a son, Andrew.—[{Memorial prepared by CuHan.tes G. Ricu- 
ARDSON, Providence, R.I. Mem. A.S.M.E. | 


HERBERT RAY CONNOR (1886-1935) 


Herbert Ray Connor, city clerk of Alameda, Calif., died in that 
city of peritonitison May 7, 1935. He is survived by his widow, Susie 
Fontaine (Benton) Connor, whom he married in 1908, and by a son, 
Herbert Benton Connor. 

Mr. Connor was born on May 8, 1886, at Virginia City, Nev., son 
of Samuel Bartlet and Virginia P. (Tilton) Connor. He prepared for 
college at the Worcester (Mass.) Academy, graduating in 1907. 
Four years later Brown University conferred an Sc.B. degree in me- 
chanical engineering upon him. While at Brown he was elected to 
membership in Sigma Xi and Alpha Tau Omega. 

Prior to entering college Mr. Connor had experience in drafting 
room and shop work and following his graduation he took a position 
as draftsman with the Meese & Gottfried Co., San Francisco. His 
work related chiefly to the design of elevating and conveying systems 
and power-transmission appliances and units. After about two 
years he was made sales engineer and he continued to serve the com- 
pany in that capacity until 1920. He also acted as consulting engi- 
neer and was in charge of testing various types of equipment manu- 
factured by the company and redesigning mechanism when necessary. 

In 1920 Mr. Connor was chief engineer for the M. Phillips Co. and 
Phillips Milling Company, of San Francisco and Sacramento. He 
then opened an office in San Francisco for consulting work on elevat- 
ing, conveying, and power-transmission problems, screening equip- 
ment and installation, and also some mining problems. He organ- 
ized the California Rock Company in 1924, designed and erected its 
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plant at Pleasanton, Calif., and served the company as president for 
two years and subsequently as engineering salesman. 

Leaving his duties with this company at the end of five years, he 
spent some time traveling with his family in Europe in 1930. In 
1933 he served the Porcupine Mining Company, Haines, Alaska, as 
general manager. He was appointed city clerk of Alameda in 1935. 
For ten years prior to his death he was director of the Sixteen to One 
Mining Company, Alleghany, Calif. 

Mr. Connor became a junior member of the A.S.M.E. in 1913 and 
was promoted to full membership in 1919. He also belonged to the 
Society of American Military Engineers and the National Rifle Asso- 
ciation and was a Royal Arch Mason and Knight Templar. 


JAMES CARR COOK (1879-1934) 


James Carr Cook, vice-president and general manager of the J. B. 
McCrary Co., Atlanta, Ga., met death in an automobile accident 
while on a business trip to Florida on April 14, 1934. He was born 
at Cusseta, Ga., on April 14, 1879, the son of Mr. and Mrs. W. F. 
Cook. After securing a B.S. degree in electrical engineering from 
the Georgia School of Technology in 1903, he spent about a year as 
part owner and operator of a sawmill, then was employed for short 
periods by the Columbus Power Company, Columbus, Ga., Western 
Electric Company, New York, N.Y., and Bainbridge (Ga.) Water and 
Light Plant, where he was operating engineer. 

In July, 1905, Mr. Cook became construction superintendent for 
J. B. McCrary, municipal engineer of Atlanta, Ga., and the following 
year was made field and office engineer for J. B. McCrary & Co., his 
duties covering surveys, investigations, designs, and estimates for 
water-works, electric-light, and sewer systems. In 1910, when the 
J. B. McCrary Co. was incorporated, he was elected its vice-president 
and chief engineer and given complete charge of all engineering work. 
He soon became general manager of the company and assistant to 
the president, in charge of new business, and during his long connec- 
tion with the company distinguished himself as an executive and civil 
engineer. 

Mr. Cook became a member of the A.S.M.E. in 1920. He also 
belonged to the American Society of Municipal Improvements and 
the American Society for Testing Materials. He is survived by his 
widow, Ermie (Stinson) Cook, whom he married in 1904, and by two 
sons, James Carr Cook, Jr., and John Cook, and by a daughter, 
Chastaine Cook. 


LEON MILLARD CORNMAN (1900-1935) 


Leon Millard Cornman, son of William Horace and Elizabeth 
(Lehigh) Cornman, was born at Carlisle, Pa., on November 3, 1900. 
He entered Carnegie Institute of Technology from the Carlisle High 
School and was graduated with a B.S. degree in 1924. 

Soon after his graduation he entered the employ of the Newport 
News Shipbuilding & Dry Dock Co., and continued with that com- 
pany until his death on February 20, 1935. He served successively 
in the engineering, production, inspection, and hydraulic depart- 
ments. During recent years he had engaged in research work as 
assistant test engineer of the hydraulic laboratory. 

Mr. Cornman became an associate-member of the A.S.M.E. in 
1929 and was a first lieutenant in the Officers’ Reserve Corps, U.S.A. 
He is survived by his widow, Miriam S. (Gildner) Cornman, whom he 
married in 1925, and by their two children, Elizabeth Mae and Leon 
Millard Cornman, Jr. 


JAMES HOWELL CRARY (1886-1934) 


James Howell Crary, son of William Proctor and Lillie (Howell) 
Crary, was born on July 13, 1886, in Brooklyn, N.Y., and received his 
early education there and at the Riverview Military Academy, 
Poughkeepsie, N.Y. He attended Amherst College for three years 
and then spent about a year each building motorboats at Westport, 
N.Y., and selling automobiles in New York, N.Y. From 1912 to 1915 
he was employed in Bridgeport, Conn., by the Starbuck & Mattice 
Co., subsequently known as Mattice & Co., as automobile salesman, 
and also had charge of repair work. He then took the Reo automobile 
agency in Stamford, Conn., but in 1916 went with the Crucible Steel 
Company as inspector of shells for a time, and the following year took 
charge of the manufacture of superheater and boiler fittings for the 
Babcock & Wilcox Co., Bayonne, N.J. In October, 1917, following 
the entry of the United States into the World War, he entered the 
service of the Bureau of Steam Engineering of the United States 
Navy, as inspector of boilers and superheaters and their fittings. 

; Since the close of the War Mr. Crary had worked entirely on his 
inventions, especially on a two-cycle internal-combustion ergine, 
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on which he held patents in the United States and several other coun- 
tries. He had also patented a hull construction for boats and a 
strainer for gasoline for automobiles, and had invented a spreading 
device for placing a net between an enemy submarine and a merchant 
vessel. 

Mr. Crary became an associate member of the A.S.M.E. in 1918. 
His death on July 21, 1934, at Westport, N.Y., leaves a widow, 
Mercy H. (Lloyd) Crary, whom he married in 1917, and two sons, 
James Howell, Jr., and Bruce Lloyd Crary. 


CHARLES SHARP CRAWFORD (1883-1935) 


Charles Sharp Crawford, son of Edward Golay and Rose Hannah 
Crawford, was born on April 3, 1883, at Indianapolis, Ind. He died 
of pneumonia at St. Vincent’s Hospital in that city on January 28, 
1935, while on leave of absence from his position as chief engineer at 
the Opel Works, General Motors subsidiary in Germany. 

Prior to his graduation from the Manual Training School of Wash- 
ington University in 1902 Mr. Crawford served an apprenticeship 
in foundry and machine-shop practice. From 1902 to 1904 he had 
varied experience in pump repairing for the Dean Pump Works, elec- 
tric-light installation and locomotive inspection for the Big Four Rail- 
road, machinery installation for the Ceraline Mills, and in the tool- 
room of the Link Belt Company, all in Indianapolis. During the 
next two years he was chief draftsman, working on gas-engine and 
carburetor design for the Speed Changing Pulley Company in his 
home city, and after spending the fall of 1906 as draftsman in the 
experimental department of the Lozier Motor Company, Plattsburg, 
N.Y., he returned to the Speed Changing Pulley Company in the 
capacity of chief engineer of engine, carburetor, and chassis design. 

In 1909 he became the first chief engineer of the Cole Motor Car 
Company, Indianapolis, with which he remained until 1916, with 
the exception of a few months during the latter part of 1910, when he 
was chief engineer and factory manager of the Westcott Motor Car 
Company, Richmond, Ind. He was made factory manager (in ad- 
dition to chief engineer) of the Cole Motor Car Company in 1911 
and assistant to the president the following year. 

In 1916, he became associate chief engineer for the Premier Motor 
Corporation, Indianapolis, subsequently advancing to the positions 
of chief engineer, vice-president in charge of engineering, and director 
of the company. 

From May, 1922, until 1928 he was chief engineer for the Stutz 
Motor Car Company. He left that organization to become affiliated 
with the General Motors Corporation, which sent him to Germany in 
1929 to take charge of the Opel plant at Russelsheim. He had pat- 
ented a number of inventions for the automotive industry and con- 
tributed to its publications. 

Mr. Crawford became a member of the A.S.M.E. in 1918. He was 
a member of the Society of Automotive Engineers and served as a 
councilor of that society in 1918-1919. He was a charter member 
and former chairman of the Indiana Section of the S.A.E. He held 
the 32d degree in Masonry and was a Shriner. He belonged to the 
Columbia and Indianapolis Athletic Clubs. 

Surviving Mr. Crawford are his widow, Adah E. (Williams) Craw- 
ford, and their daughter, Jane Alice Crawford. 


CHARLES JACKSON DAVIDSON (1867-1935) 


Charles Jackson Davidson, who was a manager of the A.S.M.E. 
for the term 1911 to 1914, died of pneumonia in Milwaukee, Wis., 
on May 26, 1935. He was born at Lanesboro, Minn., on July 6, 1867. 
the only son of Samuel Jackson and Harriet (Geer) Davidson, 
When he was four years old his father died and he moved with his 
mother to Germantown, Philadelphia, to live with his great-grand- 
father, Schuyler Geer, an importer of precious gems. After complet- 
ing his early education he made a trip to the East Indies to buy pearls 
and returned with such an excellent collection that his grandfather 
wished to make him successor in his business. His inclination turned 
toward engineering, however, and he served an apprenticeship as 
machinist and steam fitter under Hubbard & Gere in Sioux City, Iowa, 
from 1885 to 1888 and passed the examinations of the Board of Edu- 
cation in Iowa the following year. 

Mr. Davidson's first position was with the R. D. Fowler Packing 
Company at Sioux City, where he had charge of the boiler room at 
first and later was promoted to assistant engineer and in 1890 to chief 
engineer. During the five years he was located at this plant it was 
operated successively by R. D. Fowler, Ed. Haakinson & Co., and 
the Cudahy Packing Company. 

: In 1893 Mr. Davidson entered the employ of the Sioux City Trac- 
tion Company as chief engineer. He resigned in 1899 to become chief 


engineer of power plants for the Milwaukee Electric Railway & Light 
During part of this period he 


Co., where he remained until 1911. 
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also served as consulting engineer for the Union Electric Light & 
Power Co., of St. Louis, Mo. 

He designed and built a number of large power stations in Milwau- 
kee and St. Louis and was recognized as an authority on steam engi- 
neering and power-plant design. In the spring of 1907 he made a 
trip abroad to study methods of handling street-railway problems in 
the various capitals of Europe. 

Before resigning from the Milwaukee Electric Railway & Light Co. 
in 1911, Mr. Davidson designed and built the central heating system 
in Milwaukee and acted as general manager of that utility for a short 
time. He then went to Chicago to become vice-president of the firm 
of Woodmansee, Davidson & Sessions, Inc. (later known as the 
Woodmansee-Davidson Engineering Company), which engaged in 
electrical, mechanical, and hydraulic engineering, specializing in the 
design and construction of municipal power and light plants. This 
association continued until 1926, during which time Mr. Davidson 
invented the Moloch automatic steam-boiler stoker and an automatic 
water column. 

In 1926 he purchased the controlling interest in the J. E. Gilbert 
Grinder Company of Milwaukee, of which he was president and gen- 
eral manager until his death. 

He had published a booklet on ‘‘The Duty of the Engineer to 
Posterity.”’ 

In addition to serving as a manager of the A.S.M.E., of which he 
became a member in 1904, Mr. Davidson was a member of a special 
committee on a Bureau of Engineering Standards in 1913-1914, and 
of a Subcommittee (of the Committee on Meetings) on Depreciation 
and Obsolescence from 1913 to 1915. 

He was one of the organizers and president in 1906-1907 of the 
Engineers’ Society of Milwaukee, and was an associate member of 
the American Society of Naval Engineers. His clubs had included 
the Milwaukee Club, New York Engineers’, Chicago Engineers, and 
the Hamilton Club, Chicago. He had attained the 32d degree in 
Masonry. 

Surviving Mr. Davidson is his widow Ethel V. (Spence) Davidson, 
whom he married in 1901.—[Based, in part, on a biography compiled 
by the American Historical Society for the ‘‘Encyclopedia of Ameri- 
can Biography.’’] 


JOHN ALFRED DIXON (1867-1936) 


John Alfred Dixon died at the Orange Memorial Hospital, Orange, 
N.J., on January 13, 1936, after a brief illness. 

Mr. Dixon was born in East Orange, N.J., on May 26, 1867, the 
son of John S. and Phoebe Williams Dixon, both descendants of early 
Essex County settlers. He received his early education at the Ash- 
land School in East Orange, and the Stevens Preparatory School. 
He was graduated from Stevens Institute of Technology, with the 
degree of mechanical engineer, in 1891. 

While a student at Stevens he took an active part in the Stevens 
Engineering Society, and as an alumnus he served as first vice-presi- 
dent of the Alumni Association in 1913-1914, and as president in 
1914-1915. He also served as an alumni trustee of Stevens. 

Upon graduation from Stevens he entered the employ of the 
Pintsch Compressing Company, as assistant engineer, and spent 
several years in the construction, maintenance, and operation of 
Pintsch gas plants manufacturing oil gas for lighting railroad cars, 
gas buoys, and lighthouses. For some time he was superintendent 
of the Pintsch plant at Boston, Mass. In 1905 he was appointed 
general superintendent of the Pintsch Compressing Company, later 
becoming vice-president and general manager of the company, a 
subsidiary of the Safety Car Heating & Lighting Co. He became vice- 
president of the latter company in 1912, and president of the Pintsch 
Compressing Company in 1919. 

He was vice-president of the Products Protection Corporation, 
another subsidiary of the Safety Car Heating & Lighting Co. 

During his service with these various companies his activities were 
primarily concerned with engineering and manufacturing, and it 
was under his guidance that those organizations developed the light- 
ing of cars by gas and electricity, the lighting of aids to navigation 
by gas, the cooling of freight cars for the transport of perishable 
products,the cooling of passenger cars for comfort, and the destruction 
of insect life in cereals and similar products. 

Mr. Dixon was a charter member of the American Gas Light As- 
sociation and the old American Gas Institute. At his death he was 
a member of the American Gas Association. 

In 1913 he joined the Compressed Gas Manufacturers’ Association, 
was elected to its Executive Board in 1920, and was a member of its 
Finance Committee for several years. In 1931 he was vice-president 
of that association. He was elected to membership in the A.S.M.E. 
in 1916. 

He was for seventeen years a vestryman of Grace Episcopal Church 
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of Orange, N.J. He was a member of the Essex County Country Club 
of Orange, the Downtown Athletic and the Railroad Club of New 
York, the Seabright Club, and the Quinnipiac Club of New Haven, 
Conn. 

In 1898 he married Miss Charlotte Condit Perrine of Charleston, 
8.C., who survives him. He left two daughters, Mrs. Phyllis D. 
Ericson of Germantown, Pa., and Eloise, whose marriage to Mr. 
Francis Page Mackinney, of Essex Fells, N.J., took place on June 5, 
1936, and a son, Alfred Brokaw Dixon, a student at Yale University. 
Mrs. Ericson has a son, John Eric, and a daughter, Linn Ericson.— 
{Memorial prepared by Gro. E. Hutse, New Haven, Conn., and 
ARTHUR P. HaGar, New York, N.Y., Members of the A.S.M.E.] 


WALTER FRANK DIXON (1865-1935) 


Walter Frank Dixon, who died of pneumonia on June 17, 1935, 
after a prolonged illness, was born in London, England, on June 23, 
1865. His parents were William and Clara Dixon. He spent eight 
years at school in Bedford, England, the last three in a technical 
school. 

At the age of 16 he went to New York, N.Y., where he served his 
apprenticeship from May, 1882, to June, 1885, in the drafting room 
and machine shop, and on the road, firing locomotives, of the New 
York, West Shore & Buffalo R.R. During this period he completed 
a night course in electrical engineering at Columbia University and in 
the summer of 1885 went to Europe to study locomotive practice. 

From September, 1885, to January, 1886, he was employed as a 
draftsman for the West Shore Railroad at Frankfort, N.Y. During 
the next five months he served as a draftsman for the Barney & 
Smith Manufacturing Co., car builders, Dayton, Ohio. From July, 
1886, to 1890 he served, first, as chief draftsman, with supervision 
of shopwork, for the Strong Locomotive Company, New York, then 
as draftsman and designer in charge of constructing a new foundry, 
boiler shops, power house, etc., for the Cooke Locomotive and Ma- 
chine Works, Paterson, N.J. 

In 1890 he went to the Rogers Locomotive Works, Paterson, N.J., 
as chief draftsman, later becoming a director of the company. His 
work with this firm was so outstanding that in 1895 he was sought by 
a locomotive syndicate to build the Sormovo Locomotive Works in 
Russia, where he served five years as manager and chief engineer. 

This experience, his knowledge of the Russian language, and his 
ability to deal successfully with Russian labor, led to his selection, in 
1900, by The Singer Manufacturing Company, to supervise the erec- 
tion of a huge sewing machine factory at Podolsk, Russia. He often 
acted as arbitrator between opposing factions, enabling them quickly 
to settle their controversies. 

He was appointed works manager of this plant, remaining in charge 
until 1917, when the factory was seized by the revolutionists during 
the overthrow of the Russian government. He and his family 
miraculously escaped death at the hands of snipers when with many 
other Americans they were driven from Russia, making, a perilous 
trip through China to Japan, thence to San Francisco and New York. 

He brought with him two imperial decorations, one the Order of 
St. Anna, presented by Czar Nicholas in recognition of his work in 
transforming the plant into a munition center during the early days 
of the war; the other, the Order of St. Stanislav, for his development 
of Russian commercial activities. 

In 1918 he served as a director for the Russian Singer Manufactur- 
ing Company of Moscow, and as a special representative of the execu- 
tive office of The Singer Manufacturing Company at New York. 

During the years the United States was engaged in the World War, 
Mr. Dixon represented the company in the negotiation of war con- 
tracts, visiting Washington, D.C., frequently and aiding in the 
setting up of war work at the Elizabethport factory. 

In 1920 he was appointed works manager of the company’s Eliza- 
bethport plant, a post which he held until his death. During his 
long and efficient service as head of this factory, Mr. Dixon was held 
in the highest esteem by all of his associates. 

In 1924 he was made vice-president of the Diehl Manufacturing 
Company, the electrical division of The Singer Manufacturing Com- 
pany, manufacturing motors for sewing machines and other electrical 
devices. 

He became a junior member of the A.S.M.E. in 1886 and a member 
in 1894. Active in Professional Division work, he served as chairman 
of the Standing Committee on Professional Divisions and as chair- 
man of the Executive Committee of the Machine Shop Practice 
Division. Representing the Society, he ‘served as chairman of the 
Sectional Committee on Standardization of Electric Motor Frame 
Dimensions. He was a past-president of the Engineers’ Club of 
Plainfield, N.J., and in 1930 was a member of the regular nominating 
committee of the A.S.M.E. He had also been a member of the Insti- 
tution of Mechanical Engineers since 1897. He was th: author of 
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several papers read before various American engineering societies. 

He was active in public affairs, being a director of the Elizabeth, 
N.J., Chamber of Commerce for several years. He served as a vice- 
president of the Chamber, a member of its National Legislative Com- 
mittee, a delegate to the sessions of the United States Chamber of 
Commerce, and a member of the finance, membership, and industrial 
development committees. He was instrumental in forming the Manu- 
facturers’ Council, a subsidiary body of the Chamber, and his sound 
advice was helpful at the directors’ sessions. 

In 1923, Mr. Dixon was appointed to the Board of Directors of St. 
Elizabeth's Hospital, Elizabeth, and was largely responsible for the 
construction of a new wing to the hospital. 

He served for several years as a director and member of the Board 
of Trustees of the Young Men’s Christian Association of Elizabeth 
and contributed generously to the fund for the erection of a new build- 
ing for which the Singer Manufacturing Company also made a large 
donation through his efforts. He was particularly interested in the 
industrial welfare work of the association, and was a member of the 
committees on industrial work, finance, and foreign service. He 
promoted clean outdoor recreation camps for boys at Waywayanda 
and Andover, N.J., and was the donor of many trophies for athletic 
events. 

Prominent in many civic and philanthropic activities, Mr. Dixon 
gave unstintedly of his time, talent, and financial support. 

When the Elizabeth Community Chest was formed in 1932, Mr. 
Dixon became a member of its managerial board and held the vice- 
presidency of the Board of Trustees until his death. 

During the introduction of the National Recovery Act, he helped 
to organize the State industrial division of the N.R.A. He served on 
the Mayor's committee on free foreign trade zone. 

He held a membership in the Singer Engineering Society, presiding 
at all of their meetings, and was a member of the Singer Club, Eliza- 
beth Lodge of Elks, and Grace Episcopal Church of Plainfield. 

Mr. Dixon was married twice, his first wife being Rosa Neale of 
Brooklyn, whom he married in 1886, and by whom he had one daugh- 
ter, Dorothy, who survives him. 
>» His second wife was Ludmila Beechevsky of Sormovo, Russia, 
whom he married in 1898. There were two sons, Vladimir and 
William, by the second marriage; Vladimir died in Paris in 1929, leav- 
ing a wife and son. Mr. Dixon’s survivors, therefore, are a wife, a 
son, a daughter, and grandson.—[{Memorial prepared by W. J. Psgts, 
Elizabethport, N.J. Mem. A.S.M.E.] 


LOUIS KARL DOELLING (1871-1935) 


Louis Karl Doelling was born in Karlsruhe in Baden, Germany, 
on September 12, 1871, the son of Louis and Louise (Reuter) Doelling. 

After the death of his father, his mother married Ernst Koert- 
ing, of Hanover. 

He attended preparatory schools in Karlsruhe and Hanover, and 
then the Technical University of Hanover, where he received the de- 
gree of M.E. in 1890. Later he took a postgraduate course in Char- 
lottenberg. 

He served his apprenticeship with Koerting Bros. of Hanover, 
builders of engines, steam-heating and jet apparatus. Later he was 
draftsman for T. A. Maffai, locomotive builder in Munich. He 
then became a salesman, also testing engineer, for Koerting Bros. 
in Karlsruhe and Hanover. His last position in Europe was as man- 
ager of the Koerting Bros. Works in Vienna, Austria. 

Ernst Koerting, of Koerting Bros., stepfather of Mr. Doelling, 
was a distinguished engineer and inventor of international fame. 
Many patents were granted to him, including those for the well- 
known Koerting injector and Koerting gas engines. 

As a result of the training and experience Mr. Doelling received 
while with Koerting Bros., he became a conspictious expert and 
authority on internal-combustion engines. 

In 1905 Mr. Koerting purchased control of the De La Vergne Ma- 
chine Company, then located at the Foot of East 138th Street, New 
York, and sent Mr. Doelling over to take the management of the 
engineering and manufacturing departments of the company which 
in addition to refrigerating machinery, was also building internal- 
combustion engines, including the Koerting gas engines. Later Mr. 
Doelling became vice-president and then president of the company. 

In 1917 the United States Government purchased the De La 
Vergne Machine Company, and in 1920 the Wm. Cramp & Sons 
Ship & Engine Building Co., of Philadelphia, bouglat it from the 
Government. Mr. Doelling was retained by the Cramp Company 
as vice-president and general manager of the De La Vergne Machine 
Company. 

In 1928 the plant was removed to Philadelphia and operated as the 
De La Vergne Division of the Cramp-Morris Industrials, by whom 
Mr. Doelling was employed as consulting engineer until 1930, when 
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he resigned and became vice-president of the U. S. Fire Protection 
Company, of Hoboken, N.J., which position he held up to the time 
of his death. 

Mr. Doelling was a very efficient shop manager and systematizer. 
He made many improvements in manufacturing processes in the plant 
of the De La Vergne Machine Company. One of his outstanding 
traits was his humane and kindly treatment of employees. He was 
greatly respected and esteemed by all the workmen, and took a 
special interest in their welfare and social life. His benevolence and 
consideration were personally extended to a large number of employees 
and they were greatly benefited by the interest he took in their well- 
being and that of their families. 

Mr. Doelling became a member of the A.S.M.E. in 1906. In 1908 
he joined the American Society of Refrigerating Engineers, and was 
its president in 1915. 

He died at his home in Mountain Lakes, N.J., on June 16, 1935, 
and is survived by his widow, Emma (Renck) Doelling, whom he 
married in 1898, and by two sons, Hans and Klaus Doelling.— 
{Memorial prepared by Louis Baron, New York, N.Y., for many 
years closely associated with Mr. Doelling at the De La Vergne 
Machine Company. ] 


JOSEPH ESPLIN DORWARD (1890-1934) 


Joseph Esplin Dorward, whose death occurred on September 22, 
1934, was born in San Francisco, Calif., on October 31, 1890. He 
attended an evening technical school there for three years while 
serving an apprenticeship as a machinist at the United Engineering 
Works. After working in the drafting office of the same company on 
marine-engine design for about two years he entered upon a period 
of sea service with the Pacific Mail Company, Pacific Coast Steam- 
ship Company, Union Oil Company, Matson Navigation Company, 
and Alaska Packers Association. He continued in this work until 
April, 1918, with the exception of a year with the United Engineering 
Works, installing boilers and machinery, and about a year and a half 
with the General Petroleum Company as chief inspector of recon- 
ditioned vessels. 

From April, 1918, to September, 1919, Mr. Dorward served in the 
United States Navy, part of the time as engineer watch officer and 
part as lst assistant engineer, with the grade of senior lieutenant, on 
the U.S.S. Agamemnon, from New York to Brest. He returned to 
civilian life as chief estimator for the Lord Dry Dock Construction 
Company and Lord Construction Company, New York, and held that 
position until the end of 1921. His next position was that of manager 
of the North River Branch of the Morse Dry Dock & Repair Co., 
New York, where he worked for about two years, and from then until 
1928 he was inspector for the engineering department of the United 
States Lines, serving on the S. S. Leviathan. 

Mr. Dorward entered the employ of The Export Steamship 
Corporation on January 1, 1928, as superintendent engineer. His 
duties included the supervision of the engine-room staff and all 
mechanical appliances aboard the vessels of the corporation and the 
placing and supervision of repairs. In September, 1928, he was pro- 
moted to the position of operating manager in charge of all operations 
afloat and the appointment and supervision of the personnel of the 
ships. He also had general supervision of the activities of the port 
captain, port steward, and port engineer. He continued in these 
duties until his death. 

Mr. Dorward became a member of the A.S.M.E. in 1923 and also 
belonged to the Society of Naval Architects and Marine Engineers. 
He is survived by his widow, Lucille May Dorward. 


THOMAS FAWCETT DuPUY (1875-1936) 


Thomas Fawcett DuPuy, consultant in plant equipment methods 
and production, died suddenly on March 21, 1936. He was born at 
Athens, Ohio, on April 9, 1875, son of Thomas Fawcett and Ann Agnes 
(Donly) DuPuy. His high-school education, secured at Pittsfield, 
Mass., was followed by private tutoring and practical mechanical 
training in his father’s woolen mills at Hinsdale, Mass. His father 
was an authority on textiles and an inventor of equipment in this field. 

Mr. DuPuy’s work as plant consultant began in 1908 for the Na- 
tional Acme Company, of Cleveland. After several years there he 
took a position as sales engineer for the Windsor (Vt.) Machine Com- 
pany, which offered him the opportunity to serve also as consultant 
to manufacturers of automatic screw machines, turret lathes and re- 
lated machinery and tools. He made surveys of many plants, ad- 
vising as to valuation as well as improvements in equipment, layout, 
and methods looking toward increasing the quality and quantity of 
production at reduced costs. 

After the outbreak of the World War in 1914 he was called upon by 
many munitions manufacturers for advice as to equipment and manu- 
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facturing methods, and during the early part of 1917 he was consulted 
by the Ordnance Department in connection with ordnance equipment. 
Later in the year he was commissioned a captain in the Aviation Sec- 
tion of the Air Corps, assigned to the Aviation Repair Depot at Love 
Field, Dallas, Texas, as supply and disbursing officer. He was re- 
quired to organize and equip the depot, which handled repairs for 
several fields. 

After leaving the service in February, 1919, Mr. DuPuy was works 
manager for about two years for J. H. Williams & Co., Buffalo, N.Y., 
manufacturers of special drop forgings and forging dies, and a stand- 
ard line of wrenches. From 1921 to 1924 he was vice-president and 
general manager of the Canton Forge & Axle Co., Canton, Ohio, and 
during the next five years engineer for the American Machine & 
Foundry Co., Brooklyn, N.Y. Much of his work during the latter 
period related to special automatic packaging machinery for tobacco, 
cigarettes, candy, textiles, and other products. 

In 1929 Mr. DuPuy became chief purchasing engineer for the Am- 
torg Trading Corporation, New York. He specified and purchased 
machine tools and special machinery for various industries, including 
tractors and turbines, automotive and electrical equipment, and wood- 
working machinery. Since 1932 he had been engaged largely in work 
of the Professional Engineers Committee on Unemployment, in 
New York. 

Mr. DuPuy became a member of the A.S.M.F. in 1921. He is sur- 
vived by his widow, Blanche Eloise (Brooks) DuPuy, whom he mar- 
ried in 1908. 


CARL EHRMANN (1882-1935) 


Carl Ehrmann, whose death occurred on August 13, 1935, was born 
at Fuerth, Bavaria, Germany, on November 23, 1882. He was the 
son of Simon and Mathilde Ehrmann. 

Mr. Ehrmann was educated in Germany, securing a degree in me- 
chanical engineering from the University at Munich in 1906. His 
engineering experience in Germany included an apprenticeship in 
the foundry and machine shops of the Vereinigte Maschinenfabriken 
Nuernberg Augsburg and three and one-half years in drafting and 
layout work and estimates for coal- and coke-handling plants with 
Koelnische Maschinenbau A.G., later known as Berlin Anhaltische 
Maschinenbau A.G., at Koeln-Bayenthal, Germany. 

Mr. Ehrmann came to the United States in 1910 and secured em- 
ployment with the Didier-March Company of New York and South 
Bethlehem, Pa., working on drafting and calculations in connection 
with by-product coke-oven plants. He was made chief draftsman in 
March, 1912, and remained with the company until the close of that 
year. 

During the next two years Mr. Ehrmann engaged in consulting 
practice in New York. From 1914 to 1916 he was chief engineer for 
the Curtis Bay Chemical Company, Baltimore, Md., and then went 
to Tulsa, Okla., to serve the Oklahoma Petroleum & Gasoline Co. as 
consulting and chief engineer. He then went into his own consulting 
business, building many oil refineries and gasoline plants. Since 
1919 he had been a partner in the Valuation Company of America, 
New York, engaged in consulting and appraisal work. 

Mr. Ehrmann became a junior member of the A.S.M.E. in 1911 and 
a member in 1913. He was also a member of the American Associa- 
tion for the Advancement of Science and of the Verein deutscher 
Ingenieur. 

Surviving Mr. Ehrmann are his widow, Beatrice (Schuster) Ehr- 
mann, whom he married in 1916, and two children, Charles and Mar- 
garet Ehrmann. 


HARVEY FELDMEIER (1871-1935) 


Harvey Feldmeier, chief engineer of the Cherry-Burrell Corpora- 
tion, Little Falls, N.Y., died of heart disease on September 19, 1935, 
while in Troy, N.Y., on business. 

Mr. Feldmeier was a native of Brooklyn, N.Y., son of Max and 
Elvire (D’Asnoy) Feldmeier. He was born on August 27, 1871, and 
was graduated from the Brooklyn Technical Institute in the class of 
1890, with the degree of B.S. He then entered Rensselaer Polytech- 
nic Institute at Troy, where he received his degree of civil engineer 
in 1892. He was a member of the college fraternity of Delta Kappa 
Epsilon and of the Sigma Xi honorary society. 

Following his graduation Mr.Feldmeier secured work as an engineer 
for the New York State Canals. He was put in charge of the con- 
struction of a dam across the Mohawk River at Little Falls. He 
went to work for D. H. Burrell & Company, manufacturers of dairy 
machinery, in December, 1892, and had devoted his abilities and faith- 
ful interest continuously to the problems and the advancement of the 
business and the dairy industry since that time. When D. H. Burrell 
& Company merged with other companies, Mr. Feldmeier was made 
chief engineer of the Cherry-Burrell Corporation. 
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Mr. Feldmeier had taken out more than fifty patents on dairy 
apparatus and was regarded as one of the ablest engineers in the 
dairy-machine industry in this country. 

Mr. Feldmeier had been a member of the Little Falls Board of 
Public Works since 1912 and was its vice-president at the time of his 
death. He was a Democrat in politics but never sought elective office. 
However, he was alternate delegate to the Democratic national con- 
vention in Baltimore in 1912, and alternate delegate to the national 
convention of the party in Houston, Texas, in 1928, from the 33d 
congressional district. He was also one of the presidential electors 
in 1928. 

He was a commissioner of the General Herkimer home, a position 
to which he was appointed in 1931 by Governor Roosevelt. 

He became a member of the A.S.M.E. in 1931 and belonged to the 
Rensselaer Society of Engineers. 

Mr. Feldmeier was twice married, his first wife being Miss Helen 
Mitchell, of Little Falls, who died many years ago. In 1915, he mar- 
ried Miss Lela B. Lumley of Utica, who survives with four children, 
Allan L., Elizabeth Jane, Robert Harvey, and Edward Burrell 
Feldmeier. ¢ 


CHARLES HORACE FESSENDEN (1885-1934) 


Charles Horace Fessenden, professor of mechanical engineering at 
the University of Michigan, Ann Arbor, Mich., died on July 26, 1934. 
He became a member of the faculty in the fall of 1908 as instructor in 
mechanical engineering. He was made an assistant professor in 1912 
and a professor in 1919. 

Professor Fessenden was born in St. Louis, Mo., on January 28, 
1885, a son of Timothy Dwight and Mary J. (Snively) Fessenden. 
He attended the St. Louis Manual Training School for three years 
and secured his B.S. degree in mechanical engineering at the Uni- 
versity of Missouri in 1906. He spent that summer in the Engineer- 
ing Department of the New York Telephone Company, and in the 
fall became a draftsman for the Babcock & Wilcox Boiler Co. at 
Barberton, Ohio. In the spring of the following year he was made 
checker and assistant chief draftsman, and he remained with the 
company until October, 1908. During the two years following his 
graduation he was also carrying on post-graduate work at the Uni- 
versity of Missouri, which conferred an M.E. degree upon him in 
June, 1908. 

During the years 1906-1926 Professor Fessenden assisted Dean 
M. E. Cooley and others in the valuation of many public-utility 
properties—electric, gas, electric railway, and steam railway—and 
since 1919 had served as consulting engineer on a number of public- 
utility projects. In 1917-1919 he served in the Ordnance Depart- 
ment, U.S.A., first with the rank of captain and later as major, 
stationed at the Frankford Arsenal, Philadelphia, Pa. He was the 
author of a book on ‘‘Valve Gears,”’ published in 1915. 

Professor Fessenden became a junior member of the A.S.M.E. in 
1909 and a member in 1917. He also belonged to the American So- 
ciety of Refrigerating Engineers and the Society for the Promotion of 
Engineering Education, as well as to Alpha Tau Omega fraternity, 
several Masonic organizations, and a number of clubs. 

Professor J. E. Emswiler, long associated with Professor Fessenden 
on the faculty of the University of Michigan, has written the follow- 
ing tribute to him: 

“It was as a teacher of engineering students that Professor Fessen- 
den’s greatest service was rendered to his profession. He took into 
the classroom not only a rich and ordered program for the hour, but a 
creed of precision and accuracy that communicated itself to the class. 
He was a stern though understanding taskmaster whose lessons were 
sometimes painful to take; but among returning alumai, many of 
his best friends were those who had grumbled most as undergradu- 
ates. Time and experience had proved to them that the continued 
effort required in Professor Fessenden’s classes was the finest kind of 
training for the tasks of life.”’ 


MARTIN FEYBUSCH (1884-1935) 


Martin Feybusch, a native of Germany but later a naturalized 
citizen of the United States, was born at Stettin on April 17, 1884. 
After completing his preparatory education he served an apprentice- 
ship with steam engine and boiler manufacturers in Stettin, and 
worked for a time as electrician at a power house there. He was 
graduated from college at Friedberg in 1904, had an engineering posi- 
tion in Hamburg the following year, working on steam engines, and 
then spent several years in Paris. There he was engaged in drafting 
for automobile manufacturers. 

Returning to Germany, he served for a time as chief draftsman and 
manager for the Maschinenbau-Gesellschaft at Ronsdorf and subse- 
quently at the Jagenberg Maschinenwerke in Diisseldorf. He came 
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to the United States as representative of that company in 1913, 
serving as vice-president and treasurer of the Jagenberg Machine Co., 
Ine., New York. 

In 1918 he founded the New Jersey Machine Corporation, Hobo- 
ken, N.J., of which he was president at the time of his death on Oc- 
tober 25, 1935. He held many patents on glue applying equipment. 

Mr. Feybusch became a member of the A.S.M.E. in 1914. He be- 
longed to the Liederkranz in New York. Surviving him are his 
widow, Martha Feybusch, and three children, Margerite, Marcelle, 
and Martin Feybusch, Jr., all of Weehawken, N.J. 


JOHN MILTON FOSTER (1888-1935) 


John Milton Foster, associate professor of aeronautical engineering 
at North Carolina State College of Agriculture and Engineering, died 
in Raleigh on February 14, 1935, at the age of 46. 

Professor Foster was born in Richmond, Ky., on May 20, 1888, the 
son of John Milton and Elizabeth (White) Foster. After a secondary 
schooling in his native city he attended the University of Kentucky 
and received the degree of bachelor of mechanical engineering in 
1911. This institution also conferred upon him the degree of me- 
chanical engineer in 1923. 

After graduation from the University in 1911, Professor Foster 
entered the special apprentice course of the Allis-Chalmers Company 
in Milwaukee, Wis., and was employed for a time in the various de- 
partments of this plant. In 1912 he went to Nashville, Tenn., where 
he took a high-school position as teacher of industrial arts. In 1918 
he went to Raleigh as assistant professor of mechanical engineering 
at North Carolina State College, and in 1924 was promoted to the 
grade of associate professor. More recently he was specially desig- 
nated to fill the position which he held at the time of his death. 

Professor Foster was one of the pioneer aeronautical instructors of 
the Southeast, having served as a licensed ground school instructor 
for the Curtiss-Wright Flying Service in Raleigh prior to the develop- 
ment of aeronautical courses at North Carolina State College. At the 
college he was in charge of the Aeronautical Option in the Department 
of Mechanical Engineering from the time of its inception in 1929. 
He did considerable flying, although he was not a licensed pilot. 

In addition to teaching, Professor Foster found time to engage in a 
considerable amount of professional work. During the summer of 
1918 he was associated with the George A. Fuller Company as assist- 
ant to the chief mechanical engineer, designing a power house for 
a wood alcohol plant at Lyles, Tenn.; and in 1919 he designed a water 
works plant for the town of Zebulon, N.C., under the direction of 
W. M. Piatt, a consulting engineer of Durham, N.C. In later years 
Professor Foster was registered as a professional engineer in the state 
of North Carolina and did considerable work in the field of machine 
design, especially in connection with inventions and patents. 

Professor Foster was well known in engineering circles throughout 
the Southeast. In addition to his affiliation with the A.S.M.E., of 
which he became a member in 1921, he held membership in the Society 
for the Promotion of Engineering Education, the North Carolina 
Society of Engineers, the Raleigh Engineers Club, and the Aero- 
nautical Chamber of Commerce of America. He was also a member 
of the Alpha Tau Omega fraternity and was a charter member and a 
past-president of the Lions Club of Raleigh. He served two terms 
as chairman, and briefly as secretary-treasurer, of the Raleigh Section 
of the A.S.M.E., and at the time of his death was secretary-treasurer 
of the North Carolina Society of Engineers and secretary of the North 
Carolina Engineering Council. He was a member of the 1934 Nomi- 
nating Committee of the A.S.M.E. from Group IV, and served as 
secretary of this committee. He was also a member of the Committee 
on Aeronautical Engineering Education of the Aeronautical Chamber 
of Commerce. He was an active church member. 

Surviving Professor Foster are his widow, the former Miss Bessie 
Schnell of Nashville, whom he married in 1915, and their four children, 
Albert White, Virginia Duncan, John Milton, Jr., and Elizabeth S. 
Foster—[{Memorial prepared by Rosert P. Kors, University of 
Alabama; formerly a member of the faculty at North Carolina State 
College. Mem. A.S.M.E.] 


KARL E. GARLING (1888-1935) 


Karl E. Garling, whose death occurred at Bernardsville, N.J., 
on October 26, 1935, was born at Seneca Falls, N.Y., on September 
11, 1888. At the age of twelve he began an apprenticeship with the 
Seneca Falls Manufacturing Company, upon the completion of which 
he was employed there as a journeyman machinist until 1906. Dur- 
ing the last four years of this time he also took evening instruction 
in machine design under the designer for the company. 

From 1906 to 1912 Mr. Garling held various positions in machine 
shops, drafting rooms, and printing plants in Auburn, Rochester, and 


Buffalo, N.Y., and Chicago, Ill., part of the time in charge of depart- 
ments. Thereafter, until 1919, he was connected with the Whitlock 
Printing Press Company, Derby, Conn., except for the year 1914- 
1915, when he was with the Carey Printing Company, New York. 
His work for these companies included the design, erection, and main- 
tenance of machinery. 

In 1919 Mr. Garling opened his own office at Newark, N.J., and 
devoted himself to the design of special machinery, chiefly for paper 
specialties. In 1928 his business was merged with the Murray Sales 
Corporation, of Newark, which later became the Garr Manufacturing 
Company, and then the Soda Straw Manufacturing Company. 
About two years before the death of Mr. Garling the business was 
sold to the Berst-Forster-Dixfield Company, New York. Mr. Gar- 
ling was the inventor of a gas burner for drying newsprint, and soda 
straw machinery. 

Mr. Garling became a member of the A.S.M.E. in 1929 and be- 
longed to the Masonic fraternity. His wife died in 1934. 


DANA GOVE GRIFFIN (1873-1935) 


Dana Gove Griffin, who died at Fort Worth, Texas, on February 
26, 1935, had for many years been sales engineer and representative 
at the Fort Worth branch of the Bruce-Macbeth Engine Company, 
of Cleveland, Ohio. He had been located in Texas since the spring 
of 1909, serving for more than two years as general superintendent of 
the Fort Worth city water works and from the beginning of 1912 until 
the fall of 1922 as manager of the engineering department of the Hard- 
wicke-Etter Company of Sherman. His connection with the Bruce- 
Macbeth company began in 1922. 

Regarding his early work in Fort Worth, T. J. Powell, commissioner 
of water works in that city, wrote in 1911: 

‘Mr. Griffin was superintendent of the Fort Worth Water Works 
for more than two years, during my first term of office as water com- 
missioner. He took hold of a run-down plant with inadequate 
machinery and a system of artesian wells that were yielding about a 
million gallons of water per day. During the time he was with the 
department he increased the output of the same wells to seven million 
gallons per day and transformed the various plants of the city, while 
they were in continuous operation, into a first-class system. This 
work was done during the years 1909-1911, a period of the greatest 
drought ever known in this state, and owing to his genius in develop- 
ing the wells the city was saved from a disastrous water famine be- 
cause the surface supply which had been used before his time utterly 
failed during these years. 

“IT regard Mr. Griffin as the best well expert and pneumatic engi- 
neer I have ever met. He can bring more water out of a well with 
compressed air than any man I have ever known, and it gives me 
great pleasure to commend him to any one desiring the services of such 
an expert.” 

Mr. Griffin was born at Valdosta, Ga., on October 13, 1873, son of 
Ivan L. and Laura Eugenia (Keller) Griffin. He completed his aca- 
demic education at the Quitman, Brooks Co., Ga., Academy in 1889. 
Early in 1893 he went to Kansas, becoming a machinist apprentice 
in the locomotive department of the Chicago, Rock Island & Pacific 
Railway at the Horton shops. He returned to Valdosta in 1895 to 
become chief engineer and superintendent of the city water works, a 
position which he held for about eleven years. A new plant was de- 
signed and installed by him during this period. 

From the beginning of 1907 until he went to Texas in 1909 Mr. 
Griffin was connected with the pneumatic engineering department of 
the Ingersoll-Rand Company, working chiefly at the Tarrytown, 
N.Y., and Phillipsburg, N.J., plants. He was also in charge for a 
time of the air-lift system for men working under high pressure below 
water on the Hudson River tunnel, seeing that they were properly 
brought out to normal air pressure, passing through air chambers in 
which the pressure was gradually reduced. While this is now done 
by automatically controlled chambers, the control of pressure to pre- 
vent ‘‘bends’’ was manual at the time the Hudson tunnel was con- 
structed. 

Mr. Griffin was elected an honorary life member of the National 
Ice Manufacturing and Refrigerating Engineers’ Association in 1914. 
He became a member of the A.S.M.E. in 1929. He also belonged to 
the National Geographic Society, the Masonic fraternity, and the 
Shriners, and was a deacon in the Broadway Baptist church of Fort 
Worth. Hunting was his favorite recreation, and from time to time, 
as he found the leisure, he hunted deer and other large game in south- 
ern and southwestern Texas. 

Surviving Mr. Griffin are his widow, Aline (Shaw) Griffin, whom he 
married in 1895, and two children, Dana G. Griffin, Jr., and Margaret 
Louise (Mrs. Wilbur B.) Duke.—[Based, in part, on a biography com- 
piled by the American Historical Society for the ‘‘Encyclopedia of 
American Biography.’’] 


“RE 
: 
= 


ERIC EDWIN HAGBERG (1875-1935) 


Eric Edwin Hagberg, for more than forty years associated with the 
International Harvester Company, died at St. Luke’s Hospital in 
Chicago, IIl., on September 28, 1935. 

Mr. Hagberg began his long connection with the International 
Harvester Company as an apprentice toolmaker in 1892, at the Mc- 
Cormick Works in Chicago. Later he advanced to special machine 
and tool designing, and from 1908 to 1911 served as master mechanic. 
During the next six years he was factory manager at the Neuss Works 
of the company in Germany. He returned to the United States to 
organize an Efficiency Department at the McCormick Works and to 
take charge of all Government work there. Following the War he 
was stationed at the Neuss Works, until 1924. After another short 
period at the McCormick Works he was transferred to the Canton 
(Illinois) works, to take the position of superintendent. Since 1928 
he had been located at the Picayune Works in Mississippi in a similar 
capacity. 

Mr. Hagberg was born at Highwood, IIl., on September 3, 1875, 
son of Eric and Lovisa (Erikson) Hagberg. To supplement his gram- 
mar school education he attended evening classes at the high school 
and at Lewis Institute in Chicago. Married in 1903, he is survived 
by his widow, Fidelia (Johnson) Hagberg, and by their two children, 
Eric Edwin, Jr., and Dorothy Fidelia. 

Mr. Hagberg became a member of the A.S.M.E. in 1920. He was 
a member of the Odd Fellows Organization in Canton and was presi- 
dent of the Rotary Club there in 1927-1928. He was president of 
the Rotary Club in Picayune in 1931-1932, and had twice received 
the Silver Loving Cup of that club, presented for best living up to 
Rotary ideals. He was also active in Boy Scout and Y.M.C.A. work 
in that city, serving as president of the Board of Directors of the 
latter. 


DWIGHT KIMBALL HALL (1882-1934) 


Dwight Kimball Hall, a member of the firm of Frank A. Hall & 
Sons, New York, N.Y., and general manager of its factory at South- 
fields, N.Y., died at his home in Goshen, N.Y., on December 25, 1934. 
He was a native of Brooklyn, N.Y., where he was born on January 
16, 1882, son of Francis Augustus and Mary (Randall) Hall. He 
entered Stevens Institute of Technology from the Lawrenceville 
(N.J.) Preparatory School and was graduated with an M.E. degree 
in 1908. 

During his college vacations Mr. Hall worked in the Hall plant and 
following his graduation he had charge of rearranging and installing 
machinery there. He then became assistant superintendent of the 
foundry, engaging in the manufacture of brass and iron bedsteads, 
tables, and other furniture. He was made a member of the firm in 
1915. 

Mr. Hall became a junior member of the A.S.M.E. in 1910. He had 
served on the Board of Education of Goshen, and belonged to the 
Blooming Grove (N.J.) Club. He was fond of hunting and fishing. 

Surviving Mr. Hall are his mother and his widow, Florence 
(Baldwin) Hall, whom he married in 1925. 


FREDERICK ARTHUR HALSEY (1856-1935) 


Designer, inventor, journalist, and author—Frederick Arthur 
Halsey was each and all of these to a degree to make him distinguished 
for assured achievement in engineering. As designer he contributed 
to the development of the rock drill and other compressed-air ma- 
chinery; as an inventor he initiated one of the earliest mechanisms 
of industrial management; as a journalist he was editor of one of 
America’s leading technical magazines; as an author he wrote nu- 
merous professional papers and books of recognized authority. 

Halsey was of American Colonial ancestry, belonging to the ninth 
generation of his family resident in this country. From this heritage 
he was a member of the Order of Founders and Patriots of America, 
Sons of the American Revolution, and Pilgrims. His life was of gener- 
ous length, 79 years. Born in Unadilla, N.Y., on July 12, 1856, he 
died in New York, N.Y., October 20, 1935. 

Halsey obtained his technical education, and received his engineer- 
ing degree from Cornell University in 1878. He studied under Dr. 
John E. Sweet and became one of ‘‘Sweet’s Boys,” that group of loyal 
followers of a great leader and educator. 

After a year’s work as machinist in his home town, he secured his 
first engineering position in charge of the testing room of the Telegraph 
Supply Company, later the Brush Electric Company of Cleveland, 
Ohio. This connection was short, from the autumn of 1879 to the 
spring of 1880. Then followed another short engagement as drafts- 
man with the Delamater Iron Works in New York. His real life’s 
work began in 1880 when he became engineer for the Rand Drill 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Company of New York, a connection that continued for fourteen 
years, or until 1894. During the last four years of this engagement 
Halsey was in charge of the plant of the Canadian Rand Drill Com- 
pany, Sherbrooke, Que., Canada. 

While with the Rand Company Halsey worked out two of his not- 
able achievements: the ‘‘Slugger’’ rock drill, and the Premium Plan 
of wage payment. His versatility and pioneer spirit are shown by 
these two developments, the one a mechanical invention, the other a 
management innovation. The latter brought him the greater recogni- 
tion. A few months before his death he wrote of the beginning of 
his Premium Plan in these words: 

“The Premium Plan of paying for labor was an outgrowth of the 
labor disturbances of the 1880's, a period which saw the development 
of the militant organization, the Knights of Labor, accompanied by 
an epidemic of strikes. These conditions were accompanied by an 
extended discussion of means for harmonizing the relations of Capital 
and Labor, one of which was the Premium Plan, which, at the begin- 
ning, was not markedly successful as the plan received the unqualified 
condemnation of Samuel Gompers. 

“T was at that time the mechanical engineer of the Rand Drill 
Company, and [ urged a trial of the plan upon the company, but with- 
out success for reasons that it would be useless to recall. The 
Canadian Rand Drill Company was organized in 1880, and of it I 
was offered the position of general manager. The conception of the 
Premium Plan was then several years old, but I had felt that a publi- 
cation of it, as a mere project, would accomplish nothing. It was, 
however, my hobby and, seeing before me a free hand to give it and 
some mechanical ideas a trial, I accepted the position for that pur- 
pose.”’ 

Halsey’s Premium Plan is the earliest of the incentive plans for 
paying for labor. It is a constant sharing plan with a time guarantee. 
A standard time is set from records of past performance, and the time 
the workman saves is divided between him and his employer, the 
former usually receiving from one quarter to one half of the saving. 
At the same time the regular wage at time rate is guaranteed. The 
plan is simple to introduce, emphasizes the time saved, and has an 
excellent effect on the thinking of the workman. For many years 
after Halsey gave his plan to his brother engineers it was the most 
widely used of American incentive wage plans. 

In 1923 Halsey was the recipient of the A.S.M.E. Medal, ‘“‘awarded 
to Frederick Arthur Halsey for the Premium System of wage pay- 
ments.” 

In 1894 Halsey made the business connection that was to be the 
longest and last of his life. He then became associate editor of the 
American Machinist; in 1907 he was promoted to editor in chief, 
and in 1911 became editor emeritus on the occasion of his retirement. 
His contributions to machinery building during these seventeen years 
were notable, particularly in the field of machine design. Several of 
his studies passed over from magazine articles to permanent litera- 
ture in book form. 

During his years as editor in chief of the American Machinist, 
that publication made a new record for circulation and influence, 
Halsey strengthened its position as a medium for the presentation of 
information on machine design, as a forum for the discussion of 
management and economic problems, and as a news paper for the 
new developments in machinery building, both American and foreign. 
An examination of the issues for the years 1907 to 1911 shows that 
some four out of five numbers have a feature article devoted to a 
striking development in the field of the magazine. The pages devoted 
to the airplane are evidence of this feature of Halsey’s editorial policy. 
His editorials in defense of that great invention, and his replies to 
skeptics, particularly those in foreign countries, are masterpieces of 
vigorous technical discussion. 

While Halsey was associate editor the adoption of the metric system 
became a public issue in the United States. Shortly after the opening 
of the present century, the Committee on Coinage of the House of 
Representatives reported favorably out of committee a bill for the 
adoption of the metric system of weights and measures. At once, 
Halsey became one of the most active opponents of the bill, writing 
and speaking against it. At the annual meeting of the A.S.M.E. in 
1902 he presented a strong argument against the proposed change in a 
paper entitled, ‘‘The Metric System.’ The session was one of the 
most controversial ever held by the Society. 

Acting upon resolutions passed at sessions following the one at 
which Mr. Halsey presented his paper, the Council authorized the 
appointment of a committee to summarize the arguments for and 
against the adoption of the metric system; and the distribution of a 
letter ballot to the members of the Society to obtain an expression of 
their sentiment on the subject. 

The committee report was published with the Halsey paper and the 
voluminous discussion on it in Volume 24 (1903) of Transactions. 
The paper and discussion occupied more than two hundred pages, 
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and the committee report, presenting the pro-metric arguments and 
anti-metric replies and additional appendixes contributed by the anti- 
metric members of the committee, took another eighty pages. The 
committee was agreed that legislation designed to compel the ex- 
clusive use of the metric system was not desirable, and the report on 
the letter ballots sent out from the secretary’s office showed a similar 
— on the part of a heavy majority of the individual members who 
voted. 

The outcome of the metric fight was the defeat of the bill in Con- 
gress. In recognition and appreciation of Halsey’s activities in the 
struggle the National Association of Manufacturers presented him 
with a beautiful cathedral chime hall clock. 

After his retirement from his editorship Halsey organized and be- 
came the first commissioner of the American Institute of Weights and 
Measures. This work was a continuation of his metric fight. During 
this period also, he produced his most notable book, the ‘‘Handbook 
for Machine Designers and Draftsmen.’”’ The activities of the closing 
years of his life were mainly travel and promoting Anglo-American 
relations. 

Among the books of which he was author are these: Slide Valve 
Gears; Locomotive Link Motion; Slide Rule; Worm and Spiral 
Gearings; Metric Fallacy; Design and Construction of Cams; 
Method of Machine Shop Work; Metric System in Export Trade; 
Weights and Measures in Latin America; and the handbook pre- 
viously mentioned. 

Very few memorials to engineers refer to social accomplishments. 
Halsey’s record permits an exception of this general rule, for he was a 
finished ballroom dancer, and kept up this artistry to the close of his 
life. In his statement of Biographical and Professional Data, pre- 
pared for the A.S.M.E. in mid-summer, 1935, he wrote with pride, 
“They do say I can still dance.”’ 

Halsey loved books, and was a book collector. In his will he left 
several treasures to the A.S.M.E. Included in this gift are: Reuleaux’s 
‘Kinematics of Machinery;’’ Willis’ ‘‘Principles of Mechanics;’” 
Davies’ ‘Metric System;” and ‘‘The Essays of Benjamin Thompson, 
Count of Rumford.’’—[{Memorial prepared by L. P. ALrorp, New 
York, N.Y. Past Vice-President, A.S.M.E.] 


ALFRED EMIL HAMMER (1858-1935) 


Alfred Emil Hammer, son of Thorvald Frederik and Delphina 
(Lundsteen) Hammer, was born in Boston, Mass., on March 8, 1858, 
and died in Branford, Conn., on May 9, 1935. His father, a native of 
Copenhagen, was graduated from the Royal School of Navigation in 
Denmark, took up his residence in Boston in 1842, and later spent a 
few years at sea and in Cuba, where he erected and managed a sugar 
mill. 

In 1864, with a brother, Emil C. Hammer, and others, he pur- 
chased the plant of the Totoket Company, which had been struggling 
with the manufacture of malleable-iron castings at Branford since its 
inception in 1845. A new company was organized, the plant 
equipped with special machinery for the manufacture of pipe fittings, 
and its name changed to Malleable Iron Fittings Company. 

Alfred Hammer was educated in the public schools of Branford, 
and at Russell's Military Academy in New Haven. Just at this time 
a Swedish chemist, Ernst Sjéstedt, pupil of Professor Eggerts of the 
University of Upsala, Sweden, had been engaged to install a chemical 
laboratory in the plant of the Malleable Iron Fittings Company, one 
of the first in the industry. Here the young Alfred Hammer got his 
first glimpse of the possibilities of chemistry applied to the problems 
of the foundry. Fascinated, he decided against a formal college 
course, to apply himself to the solution of some of those problems, the 
importance of which to the foundry operations he had already di- 
vined. A few months’ work with Sjéstedt, a few more under Pro- 
fessor George J. Brush at Yale College, gave him the methods and 
technique for his explorations. For exploration it was; foundry 
problems were solved by rule of thumb, fractures were the only guides 
to the quality of irons, pig iron was bought from this furnace or that 
because it gave the results sought, no one knew why. Certain char- 
coal blast furnaces were reputed to furnish iron of superior quality for 
the malleable-iron foundry and brought a premium in the market. 

Young Hammer, however, was not easily satisfied; he insisted on 
knowing the reason why. A long series of analyses of raw material 
and finished product, with careful checking of results in the labora- 
tory and in the foundry, and he had the answer, the relation of the ele- 
ments, carbon, silicon, manganese, and sulphur and their effect. 
Charcoal pig iron from this or the other furnace was no longer a name 
to conjure with; the analysis told the story, and it is believed that it 
is to Alfred Hammer that credit is due for this important contribution 
to our metallurgical knowledge. 

From the beginning, Mr. Hammer was engaged in the malleable- 
iron industry uninterruptedly and actively during his entire life- 
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time. Upon his father’s death in 1901, he assumed the management 
of the business, becoming treasurer and general manager. In 1921 
he was made president, continuing in all three offices until his death. 

Mr. Hammer gave freely of his time to public affairs, served a term 
in the Connecticut Legislature in 1889-1890 as representative, and in 
1905-1906 as state senator, in 1920 was a presidential elector on the 
Republican ticket, and was president of the Republican Club of Bran- 
ford. Upon his father’s death he succeeded him as treasurer of the 
James Blackstone Memorial Library of Branford, was president from 
1925 until his death, and was secretary and treasurer of the Henry 
Whitfield State Historical Museum at Guilford, Conn. He was a 
director of the Second National Bank of New Haven, Conn.; and 
a trustee of the Connecticut Savings Bank of New Haven, Conn., 
and of the Branford Savings Bank. He became a member of the 
A.S.M.E. in 1884, and received its fifty-year membership medal in 
1934. He was a member also of the American Institute of Mining 
and Metallurgical Engineers, American Society for Testing Materials, 
American Association for the Advancement of Science, New Haven 
Colony Historical Society, Connecticut Historical Society, National 
Institute of Social Sciences, Society for the Preservation of New Eng- 
land Antiquities, Connecticut Manufacturers Association, and of the 
Union League, Quinnipiack, Lawn, and Country Clubs of New 
Haven, and the Pine Orchard Country Club of Pine Orchard, Conn. 

His outside interests many, Mr. Hammer took especial pleasure in 
the study of the early history of Branford and its neighborhood, and 
of the minerals of Connecticut, of which he made a noteworthy collec- 
tion. 

Reserved but not distant, dignified but approachable, responsive, 
kindly, and quick with his interest and sympathy, Mr. Hammer was 
helpful and generous in all good causes, contributing freely but so un- 
obtrusively that few were aware of the extent of his benefactions. 

He married twice, first on September 27, 1887, Cornelia Hannah 
Foster of New Haven, their children being Forrester Lundsteen of 
Branford, Rosalind Cornelia (Mrs. Charles F. Clise of Seattle, Wash.), 
Delphina Lundsteen (Mrs. Henry M. Clark, Jr., of Suffield, Conn.) 
and Thorvald Frederick of Branford. On June 10, 1905, he married 
Rosamond Swan of Brookline, Mass., who, with his four children, 
survives him.—[Memorial prepared by A. H. Jameson, Malleable 
Iron Fittings Company, Branford, Conn. ] 


JOHN HAYS HAMMOND (1855-1936) 


John Hays Hammond, mining engineer, was born in San Francisco 
on March 31, 1855. His father, Richard Pindell Hammond, was a 
graduate of West Point and had served with distinction in the Mexi- 
can War. He had been ordered to the new territory of California for 
garrison duty, and arrived at San Francisco on the steamer Oregon on 
April 1, 1849. He was on the ground even before the gold rush of 
‘49. His duties were not onerous. He was caught in the surge about 
him and resigned his commission in 1851, was elected to the state 
assembly in 1852 and chosen speaker. 

That same year, 1852, Colonel John Hays, an old Texas Ranger 
and also an officer in the Mexican War, arrived by vessel from 
Panama, with his sister Sarah Lea, a widow with a small daughter. 
Soon after her arrival she met Richard Hammond and they were 
married in 1854. John Hays Hammond, the oldest of three brothers, 
was born in March of the following year. 

Hammond's father was one of the leaders in the pioneer life of 
California, with interests all over the state. The boy went to school 
in San Francisco, Oakland, and the preparatory department of the 
University of California. In his vacations he hunted and camped up 
and down the Sierras and as far as the sleepy Mexican town of Los 
Angeles and panned gold for fun in the Chinamen’s diggings. When 
he was sixteen his father decided that he should go east to school, 
and he started off for Washington on the new transcontinental rail- 
way opened two years before. He had a year at the Hopkins Gram- 
mar School in New Haven and entered the Sheffield Scientific School 
of Yale University in 1873. His career at Yale, he says, ‘‘was a 
pleasant mélange of books, professors, comradeships, social diver- 
sions and athletics.’ He was never very good, nor very bad. As 
with many others, the chief impression made upon him came from 
the personalities of some of his teachers, whose friendship he carried 
through life. Upon his graduation in 1876 he went to Germany and 
studied for three years at Freiberg, the foremost school of mining en- 
gineering in the world at that time. 

When he returned to California in 1879 he found his technical 
training an actual handicap, but he was no stranger to frontier life 
and wisely kept Freiberg in the background. It was not many years 
before his superiority over ‘‘practical miners’’ became so evident that 
apologies were no longer necessary. 

After a few months as an assayer he joined the U. S. Geological 
Survey on mine examinations which took him to practically all the 


RI-56 


gold-mining operations on the Coast. When he had finished this 
work he went east and married, on January 1, 1881, Natalie Harris, 
whom he had met in Germany a few years before. His first fee of 
five hundred dollars was received for a mine examination which he 
made upon his return. During 1881 he was profitably employed on 
examinations of various properties in California, Nevada, and Ari- 
zona and as consulting engineer for a powder company. 

Early in 1882 he went to Mexico as manager of a mine at Minas 
Nuevas, near Agiovampo on the west coast. Seven months later his 
wife and baby joined him, but had to return north on account of the 
roughness and dangers of the life. He himself left soon after, little 
richer, except in valuable experience. 

In 1883 Hammond opened an office in New York as a consulting 
mining engineer. His practice grew rapidly and took him to Mexico. 
Central and South America, and throughout the West. The follow- 
ing year he was made consulting engineer for the Empire and North 
Star mines in California and a little later of the Bunker Hill and Sulli- 
van Mine in the Coeur d’Alene district of Northern Idaho. He be- 
came part owner and president of the latter company, which proved 
immensely valuable, producing, up to 1932, ore valued at more than 
$167,000,000. 

While in England in 1893 Hammond received an offer from Barney 
Barnato to become engineer of his properties in South Africa, which he 
accepted. He went to Johannesburg, taking his family and a group 
of young engineers as his staff. After a thorough inspection of all the 
properties Hammond made various important recommendations, but 
Barnato, whose attention was centered on the stock market, failed to 
avail himself of the counsel. Feeling himself in a growingly intoler- 
able position, Hammond resigned at the end of six months. The 
separation was friendly and the two men remained on good terms 
until Barnato’s death. In fact, Barnato stood bail for Hammond for 
$100,000 at the time of his trial and remained in Pretoria for six 
months, doing everything in his power for him. 

As soon as Hammond’s resignation became known, Cecil Rhodes 
wired him to come to Cape Town. Rhodes asked Hammond to take 
charge of all his mining interests on the Rand and told him to name 
his own salary. Hammond named $75,000 and participation in the 
profits. ‘‘All right,’ said Rhodes. ‘‘But,’’ Hammond added, ‘I 
want to deal directly with you, without interference from your local 
directors. Unless this can be arranged I can’t accept.’’ Rhodes 
picked up a piece of paper and wrote on it ‘‘Mr. Hammond is au- 
thorized to make any purchases for going ahead, and has full author- 
ity, provided he informs me of it and gets no protest.”” In this man- 
ner Hammond became consulting engineer of the Consolidated Gold 
Fields of South Africa, and soon afterward of the British South 
Africa Company, and on the strength of this scrap of paper spent 
many hundred thousand pounds. 

Perhaps Hammond's greatest professional triumph was the de- 
velopment of the ‘‘deep level’”” mines. The vein at the Rand has a 
very beavy dip, something in the order of 60 deg. All the mines then 
operating were outcrop mines, worked from the surface, with the 
deepest workings about 500 ft down. Hammond told Rhodes that 
in his opinion the vein and its values held down for at least several 
thousand feet, and that property beyond the existing claims, then 
only farm land, could be bought up and mined as profitably as the 
existing claims. This involved working at depths of approximately 
5000 ft. Aside from the geological gamble there was serious ques- 
tion among engineers as to whether mines could be worked at such a 
depth. Rhodes staked his fortune on Hammond’s judgment, sold 
out the holdings of the Consolidated Gold Fields in the existing mines, 
and utilized the capital so raised to buy the new property and de- 
velop deep-level mines. It was a tremendous undertaking, involving 
vast expenditures, not only before a cent could be returned, but be- 
fore success could even be assured. It was a triumph for Hammond 
that the veins were picked up within a few days of the time, and a few 
feet of the location, which he predicted, and these deep level mines 
were a complete success. One of them, the Robinson Deep, has pro- 
duced $160,000,000 and is operating at a depth of 8500 ft at a lower 
cost than the outcrop properties in 1894. 

The reform movement of the Uitlanders and the Jameson Raid are 
matters of general history. It was forced by the reactionary and 
oppressive policies of Paul Kruger and a small group about him. 
The whole movement was ruined by the precipitateness of Jameson 
in entering Transvaal before the plans were ready. The revolt 
failed and Hammond, with three others, was arrested, tried, and con- 
demned to be hanged. As the result of heavy pressure on the Trans- 
vaal government, his sentence was commuted to imprisonment, then 
he and the others were released on payment of smashing fines, and as 
soon as he could close up his affairs he left South Africa permanently, 
except for several visits. 

He arrived at Plymouth in July, 1896, took a house near London, 
and for the next four years practiced as a general consultant, dividing 
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his time between work for the Rhodes interests, with trips to South 
Africa once or twice a year, and in building up a clientele in London. 
In 1898 he made an extensive examination and report on the mineral 
resources of Russia and Siberia. Twelve years later he made a simi- 
lar trip, but the rush of political changes defeated his recommenda- 
tions. Hammond was now world famed and his activities brought 
him into contact with ail the great financial and mining interests in 
Europe. 

Increasingly, however, opportunities were opening up at home, and 
in December, 1899, he returned to New York and reopened an office 
there after an absence of seven years. He was soon busy with impor- 
tant commissions in Mexico, Colorado, and Nevada. He wasa pioneer 
in developing the gold-dredging operations along the Yuba River in 
California, which handle profitably gravel running as low as seven 
cents per cubic yard. In 1903 Hammond became consulting engi- 
neer and general manager for the Guggenheim Exploration Company 
on a salary and an interest in the profits, a basis similar to the one he 
had had with Cecil Rhodes. They were active in the development 
in many properties under his leadership. Conspicuous among these 
was the Utah Copper Company, which has produced nearly $600,- 
000,000 worth of copper, gold, and silver, and has paid over $185,000,- 
000 in dividends. This company was a pioneer in the development 
of low-grade porphyry ores. All told, these ores have produced, 
throughout the United States and Latin America, up to 1931 inclu- 
sive, an output of $2,871,300,000. In 1907 Hammond resigned his 
connection with the Guggenheims on account of ill health. He al- 
ways considered his association with them as one of the most satis- 
factory periods in his whole career. 

Although he was never again in active practice, his many interests 
continued to claim his attention. Among these were irrigation 
projects, water supplies, hydroelectric and oil developments. He 
built a beautiful home in Washington, D.C., and another in Glouces- 
ter, Mass., and for nearly thirty years he was able to enjoy his success 
and utilize its possibilities and influence for public service. 

Mr. Hammond was a lecturer at Harvard, Columbia, and Johns 
Hopkins, gave the Hammond Mining and Metallurgical Laboratory 
to Yale, and for a time was professor of mining engineering there. 
He was special ambassador for the United States to the coronation of 
King George V in 1911, president of the Panama Pacific Exposition 
Commission to Europe in 1912, chairman of the World Court Com- 
mission, 1914-1915, chairman of the United States Coal Commission, 
1922-1923, and president of the National League Republican Club. 
He was a fellow of the American Association for the Advancement of 
Science and the American Academy of Arts and Sciences, president of 
the American Institute of Mining and Metallurgical Engineers in 
1907-1908, and a member of the A.S.M.E. since 1910 and of many 
clubs in New York, Washington, San Francisco, Denver, Salt Lake 
City, and London. 

He was a contributor to the magazines and scientific journals, and 
in 1935 he published a two-volume autobiography which was one of 
the most successful books of the year. It is of absorbing interest, for 
few men have had such a story to tell, and gives intimate pictures of 
famous men who have made history on three continents during the 
past forty years. 

He was keenly interested in many civic movements, such as the 
Y.M.C.A. and Boy Scouts, but he was especially identified with the 
Boy’s Clubs of America, of which he was an active supporter and 
vice-president for the last fifteen years of his life. 

He died suddenly of heart failure on June 8, 1936, in the study of 
his home in Gloucester. His wife died in 1931. Their children were 
Harris, John Hays, Richard Pindell, and Natalie Hays. John Hays, 
Jr., is himself a distinguished inventor in many fields. 

John Hays Hammond lived long and lived vividly. He made 
friends and kept them. He was one of the great mining engineers of 
all time, a splendid citizen, and an example of the best type of Ameri- 
can engineer.— [Memorial prepared by J. W. Roz, New York, N.Y., 
Mem. A.S.M.E.] 


D. ROBERTS HARPER, 3p (1885-1935) 


D. Roberts Harper, 3d, was born at Ridley Park, Pa., on June 17, 
1885, the son of Daniel Roberts Harper, Jr., and Blanche G. (McIn- 
tire) Harper. He prepared for college at the Philadelphia Manual 
Training High School and was graduated from the University of Penn- 
sylvania with a B.S. degree in 1905. He was elected to membership 
in both Sigma Xi and Phi Beta Kappa. Postgraduate work led to 
Ph.D. in 1910. He was a Hector Tyndale Fellow in 1907-1908 and 
an instructor in physics at the University from 1904 to 1909. 

Beginning as an assistant physicist at the United States Bureau of 
Standards in 1909, Mr. Harper devoted about fifteen years to research 
work at the Bureau’s Division of Heat and Thermometry, largely on 
the subjects of refrigeration, thermodynamics, automotive power- 
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plant tests, and fuels. He held the position of physicist when he 
left in 1925 to study problems of refrigeration and the cooling of 
electrical machinery for the General Electric Company, at Schenec- 
tady. He remained there until 1930 and during the last four years 
of that time served also as associate professor of physics at Union 
college. 

When the Coal Research Laboratory was being organized at the 
Carnegie Institute of Technology in 1930, Mr. Harper joined the 
staff as physicist. He continued in that position until 1934, since 
then he had been connected with the Federal Emergency Relief 
Administration at Washington, D.C. 

Mr. Harper became a member of the A.S.M.E. in 1930. He was 
a Fellow of the American Association for the Advancement of Science 
and also of the American Physical Society; a past director of the 
American Society of Refrigerating Engineers; and a member of the 
Society of Automotive Engineers, Washington Academy of Sciences, 
Washington Philosophical Society, and the Société Francaise de 
Physique. He had served on committees on the Standardization of 
Refrigerators and the Safety Code for Mechanical Refrigeration of 
the American Standards Association. 

Surviving Mr. Harper, whose death occurred on October 19, 1935, 
are his widow, the former Miss Mary Elma Lewis, of Baltimore, Md., 
whom he married in 1911, and one daughter, Edith Lewis Harper. 


GRENVILLE A. HARRIS (1876-1934) 


Grenville A. Harris, whose death occurred on January 31, 1934, 
following an illness of six months, was born at Elizabeth, N.J., on 
December 24, 1876, the son of Conover 8. and Sarah J. Harris. 
He entered the Centenary Collegiate Institute at Hackettstown, 
N.J., in 1891 and remained there for two years. Subsequently he 
attended the Stevens Preparatory School, Hoboken, N.J. During 
the summer vacations of his school years he worked as fireman, oiler, 
and engineer on a steam yacht and he continued in similar work for 
something over a year after leaving school. In October, 1897, he 
was put in charge of the erection and operation of engines and boilers 
for the Clark Wire Works, Elizabeth, N.J., but in April of the follow- 
ing year entered the Spanish-American War, serving as chief gunner's 
mate and electrician on the U.S.S. Viren until the close of the year. 
He was awarded a war medal for his services during the engagement of 
July 3, 1898. 

After taking the student course of the Westinghouse Electric & 
Manufacturing Co. in i898, Mr. Harris became construction engineer 
for the company and had charge of the erection of a number of im- 
portant plants. In April, 1901, he was appointed resident engineer 
in New York, N.Y., in charge of the electrical and mechanical work 
of Takata and Company, a Japanese importing and exporting com- 
pany, agents of the Westinghouse organization for Japan. He con- 
tinued in this position until 1916. 

During the next five years Mr. Harris was chief engineer for the 
American Steel Export Company of Delaware, in charge of the con- 
struction of steel plants. When the company was liquidated and a 
new company formed in 1921, he left to enter business for himself, 
representing several manufacturers in export activities. 

About ten years prior to his death Mr. Harris became export 
engineer, with an office in New York, for The Black-Clawson Com- 
pany of Hamilton, Ohio, manufacturers of paper- and pulp-mill 
machinery. The company regarded him as exceptionally competent 
to handle exports of heavy machinery. 

Mr. Harris became a member of the A.S.M.E. in 1907. He was an 
associate of the American Institute of Electrical Engineers and also 
belonged to the Japan Society and American Asiatic Society and to 
the Machinery Club, New York. He had been a member of the 
Board of Fire Commissioners of Elizabeth, N.J., for sixteen years, 
and prior to that time had served the Board in an advisory capacity 
at various times. He married Miss Blanche W. Sheffer, of Baltimore, 
Md., in 1901, and is survived by her and by two children, Grenville 
C. Harris and Althea M. (Mrs. Charles G.) Black, and a grandchild, 
Charles G. Black, 3d. 


JAMES JOEL HART (1905-1935) 


Jarxes Joel Hart was killed in an automobile accident at Hicksville, 
L.I., N.Y., on May 22, 1935. He was born on September 15, 1905, 
at Union Springs, Ala., the son of James Joel and Lola (Fra- 
zier) Hart. He attended high school in Montgomery, Ala., and in 
1925 went to New York, where he entered the employ of the Bell 
Research Laboratories as a mechanic’s helper. He also entered even- 
ing school at Cooper Union and in 1930 received his B.S. degree in 
mechanical engineering. 

Of his later work at the Laboratories, the Bell Laboratories Record 
for June, 1935, states: 
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“In 1928 he became a technical assistant in the Chemical Labora- 
tories, working in the precious-metal group of the metallurgical sec- 
tion. Here he was engaged in the experimental development and 
production of filament cores for vacuum tubes. Mr. Hart became 
an expert in the process of rolling very fine filaments, particularly 
those made from nickel alloys and platinum and assisted in the design 
of a new filament rolling mill used in this work.” 

Mr. Hart is survived by his widow, Catherine Virginia (Drewry) 
Hart, whom Le married in 1931, and by a son, James Joel. 

He became a junior member of the A.S.M.E. in 1930. 


CLAUDE HARTFORD (1885-1936) 


Claude Hartford, who had been associated for twenty years with the 
New York Steam Corporation, died at his home in Maplewood, N.J., 
on February 4, 1936, after a long illness. He was widely known in 
the real estate and professional engineering fields in the Greater New 
York area. As a consulting engineer he was recognized as a special- 
ist in the heating of large buildings in Manhattan south of Fifty- 
Ninth Street, and he also engaged in the application of engineering to 
passenger elevators, as vice-president of the American Elevator Com- 
pany, and to welding, as secretary of the Wilson Welding & Metals 
Corp. 

Mr. Hartford was born in Brooklyn, N.Y., on October 1, 1885, a 
son of William and Catherine (Halloran) Hartford. He was gradu- 
ated from Public School No. 41, in Brooklyn, in 1900 and from the 
Commercial High School there three years later. He then attended 
Stevens Preparatory School for one year and Stevens Institute of 
Technology for two years before entering Sibley College at Cornell 
University, from which he was graduated as a mechanical engineer in 
1910. 

Mr. Hartford's early work was performed in Brooklyn with the 
Cross, Austin & Ireland Lumber Co., laying out a blower system and 
machinery for a new mill; the Soss Manufacturing Company, as 
chief draftsman, designing and directing the manufacture of dies and 
pressure casting machinery; and the Transit Development Company, 
as assistant engineer of distribution, testing and inspecting materials 
and making tests at substations and on the lines of Brooklyn street 
railways. He went to New London, Conn., in April, 1912, as engi- 
neer for the Connecticut Turbine Manufacturing Company, and was 
engaged in designing and testing turbines there until he became as- 
sistant to the chief engineer of the New York Steam Company in 
July, 1913. 

Mr. Hartford became a junior member of the A.S.M.E. in 1912 and 
a member in 1917. He was also a member of the New Jersey Society 
of Professional Engineers and a licensed professional engineer both in 
New York and in New Jersey. He was one of the organizers of the 
Omega Alpha Pi high-school fraternity at the Commercial High 
School and was an active member of the Phi Sigma Kappa college fra- 
ternity. He belonged to the Cornell Club of New York. 

Surviving Mr. Hartford are his widow, Lillian Fullerton Hartford, 
two children, Claudia Fullerton and Harry Richard Hartford, and 
his brothers Ernest and Lionel Hartford. 


IRVING N. HAUGHTON (1879-1935) 


Irving N. Haughton, president of the Haughton Elevator & Ma- 
chine Co., of Toledo, Ohio, died at his home in that city on March 21, 
1935. 

Mr. Haughton was born in Toledo on April 23, 1879, son of Na- 
thaniel and Frances Caroline (Bush) Haughton. He completed his 
high school education in 1896 and during the next two years was car 
clerk for the Cincinnati, Hamilton & Dayton R.R. During the re- 
mainder of his life he was connected with the Haughton business. 

The Haughton Foundry & Machine Co. was started in 1867 by 
Mr. Haughton’s father. They did a general foundry and machine 
business and worked into the manufacture of farm implements and 
steam engines and started building elevators (hydraulic, belt power, 
and hand elevators) about 1885. The business was reorganized in 
1897 under the management of Mr. Haughton’s eldest brother, who 
had been directing the business for some tinie. 

Mr. Haughton started work with the new company in 1898. 
After a short period of training, he entered the selling end of the 
business, which grew rapidly from this time on, largely through Mr. 
Haughton’s energy and ability. He became sales manager and secre- 
tary and continued in that capacity until the death of his brother in 
1915. The company was then reorganized with Mr. Haughton as 
president, and a new plant was built to take care of the growing busi- 
ness. He remained its active manager and the guiding spirit of the 
business until his death. 

Mr. Haughton had been a member of the A.S.M.E. since 1924. 
He was president for three terms of the Elevator Manufacturers 
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Association of the United States and represented that association on 
the Sectional Committee on a Safety Code for Elevators. He had 
also served as its representative on the Sectional Committee on 
Standardization of Elevators, which was discharged in 1929. He 
served on many other committees of the Association, particularly on 
the Labor Committee, of which he was a member for 15 years. He 
assisted greatly in the formation of the Ohio State elevator code, 
acting as chairman of the committee. He also served on committees 
in the Toledo Commerce Club and the Toledo Merchants and 
Manufacturers Association. 

He was a lieutenant in the Naval Reserve in 1910-1912, and a 
delegate of the United States to the International Committee of the 
Building Industry and Public Works in 1925. 

He had attained the 32d degree of Masonry and wasaShriner. He 
belonged to the Toledo Club for years and served as trustee and in 
various activities of the club. He was greatly interested in Rotary 
and took an active part in charitable work, particularly that for 
crippled children. He was a member of Inverness Golf Club for about 
twenty-five years and devoted considerable time to its development 
and growth. 

He enjoyed golf greatly and played a great deal. 
and camp in the woods. He also enjoyed music keenly, particularly 
grand opera. He was a constant reader, particularly of history, 
biographies, scientific developments, the development of boats and 
ships, and mystery and detective stories. 

Mr. Haughton is survived by his widow, Frances G. 
Haughton. 


He liked to fish 


(Gates) 


JOHN VIRGIL HENDERSON (1886-1935) 


John Virgil Henderson, whose death occurred at Wyandotte, 
Mich., on March 4, 1935, was born at West Lafayette, Ind., on July 
12,1886. His parents, Albert Wilson and Anna (Songer) Henderson, 
survive him, as do also his widow, F. Edna (Lemon) Henderson, 
whom he married in 1922, and a sister, Ruth Songer Henderson, a 
teacher in Lafayette, Ind. 

Mr. Henderson was graduated from Purdue University witha B.S. 
degree in mechanical engineering in 1909 and three years later secured 
his M.E. degree. During this period he served an apprenticeship on 
electrical power equipment with the Westinghouse Electric «& 
Manufacturing Co., Pittsburgh, Pa., and worked successively on 
power maintenance for the American Locomotive Works there and on 
design and erection for the Western Electric Company, Chicago, IIl. 
Subsequently he was employed by the Chicago, Burlington & Quincy 
R.R. and the Chicago, Milwaukee & St. Paul R.R., on design, opera- 
tion, and inspection. 

After a period of consulting power-plant practice in Chicago, Mr. 
Henderson went to Detroit, where he had a shop for making tools, 
continued his consulting practice, and served as chief engineer for 
the Hotel Statler. He was also munitions inspector for the French 
Commission for part of 1915 and was foreman of the Ford Eagle 
shipbuilding plant from 1917 to 1919. 

In November, 1919, Mr. Henderson became lubricating salesman 
for the Standard Oil Company, and he continued in that position 
until December, 1930, calling on the large industrial accounts of the 
company. From then until about a week before his death, when he 
had taken a position with the Detroit Packing Company, as chief 
engineer, he was engaged in refrigeration and engine-room mainte- 
nance. 

Mr. Henderson became an associate-member of the A.S.M.E. in 
1919. He had attained the 32d degree in the Masonic fraternity, 
and was a Shriner and Knight Templar. He also belonged to the Odd 
Fellows and Knights of Pythias. 


AARON 8. HERSHEY (1907-1935) 


Aaron S. Hershey, vice-president and production manager of Her- 
shey Metal Products, Inc., Derby, Conn., died on January 15, 1935. 
He was born at Hanover, Pa., on September 8, 1907, son of Paul H. 
and Mary J. R. (Bair) Hershey. He attended the Shelton High 
School, at Shelton, Conn., and the Choate School in Wallingford, 
and entered the Sheffield Scientific School of Yale University with the 
class of 1929. 

After receiving his B.S. degree he was employed until the end of 
1930 at the Hawthorne Works of the Western Electric Company, 
Chicago, Ill., working on the introduction of new machine-tool equip- 
ment. 

Since then he had been associated with the Hershey Company, of 
which his father is president. The company was reorganized in 
July, 1934, its name being changed from the Hershey Metal Products 
Company to Hershey Metal Products, Inc., and it was at that time 
Mr. Hershey became vice-president and production manager. He 
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had previously served as engineer and production manager and had 
handled the novelty division of the company since its inception early 
in 1932. 

Mr. Hershey became a junior member of the A.S.M.E. in 1932. 


REINHARD ADOLPH HISS (1903-1935) 


Reinhard Adolph Hiss died at Hammond, Ind., on February 17, 
1935, from chill and exposure when an iceboat on which he was riding 
overturned in water. 

Born on August 28, 1903, at Barberton, Ohio, a son of Reinhard 
Simon and Louise (Scherzer) Hiss, he attended the Barberton gram- 
mar and high schools. His work at the University of Michigan, 
which he entered in 1921, led to the degree of bachelor of science in 
engineering (mechanical engineering) in 1925 and election to mem- 
bership in Tau Beta Pi. Following his graduation he became a 
member of a graduate engineer’s training course known as The Cen- 
tral Station Institute, operated by utility companies under the man- 
agement of Samuel Insull. The course consisted of four three- 
month assignments in various engineering departments. 

At the end of this year of special training Mr. Hiss took a position 
with the Commonwealth Edison Company in Chicago as assistant 
to the efficiency engineer. In September, 1930, he became super- 
intendent of the efficiency division of the Chicago District Electric 
Generating Corporation. He was also on the Board of Governors of 
the State Line Club at the State Line Station, where he was located. 

Mr. Hiss became a junior member of the A.S.M.E. in 1929. He 
was very fond of music and active in church and Boy Scout work. 
Surviving him are his widow, Amina (Calhoun) Hiss, whom he married 
in 1928, and two children, Reinhard C. and Amina Suzanne Hiss. 


RALPH W. HOWE (1885-1935) 


Ralph W. Howe, identified with the petroleum industry since his 
graduation from Cornell University, died as a result of injuries in an 
automobile accident at Dallas, Texas, on October 23, 1935. He had 
been a member of the A.S.M.E. since 1932. 

Mr. Howe was vice-president and general manager of the Atlantic 
Pipe Line Company, of Dallas, at the time of hisdeath. He had been 
with the company since its organization in 1928. His positions previ- 
ous to that time were with the Tuscarora Pipe Line Company, the 
Standard Oil Companies of New Jersey and Louisiana, and the Hope 
Natural Gas Company, from 1908 to 1910; The Atlantic Refining 
Company, Philadelphia, Pa., 1911 to 1922; and Atlantic Oil Produc- 
ing Company, Shreveport, La., 1922 to 1927. His experience with 
these companies covered the design, construction, and operation of 
pipe lines and the operation of refineries. 

Mr. Howe was a member of the American Petroleum Institute and 
was active for many years in the standardization program and other 
activities of the Production Division of the Institute. He was a 
member of the Committee on the Standardization of Oil Country 
Tubular Goods from May, 1928, up to the time of his death. In 
August, 1931, he was appointed national chairman of the Committee 
on the Standardization of Steel Tanks for Oil Storage, which office 
he also held until his death. During this administration as chairman 
of the Tank Committee, he inaugurated the preparation of a speci- 
fication on all-welded steel tanks, which was adopted shortly after 
his death. He was recognized as an outstanding authority in his 
profession, and his counsel was continually sought in the affairs of 
the Production Division. 

Mr. Howe was born at South Salem, N.Y., on August 22, 1885, 
son of E. W. and Emily J. Howe. He prepared for College at Blair 
Academy and received his M.E. from Cornell in 1908. He is survived 
by his widow, the former Miss Isabella D. Betzner, of Hornell, N.Y., 
whom he married in 1912, and by two children, Ralph W., II, and 
Jean Marie Howe. 


EDWARD PIERCE HULSE (1870-1936) 


Edward Pierce Hulse, Chairman of the Graphie Arts Division of 
the A.S.M.E. and a member of the board of the Graphic Arts Re- 
search Bureau, died in New York, N.Y., on April 3, 1936. 

Mr. Hulse was born in Chicago, IIl., on November 22, 1870, the 
son of Parmenas Brown and Katherine (Smith) Hulse. After receiv- 
ing his early education in public and private schools, he was sent with 
his brother, in 1884, to the Alexander Military Institute at White 
Plains, N.Y., where they prepared for a college course in civil engi- 
neering, which his brother subsequently pursued at Cornell Univer- 
sity. Edward, however, was urged by his father to take a classical 
course at college, and being unwilling to do this he went to work as 
a reporter for the Akron Beacon in 1888. 

Newpaper work was Mr. Hulse’s chief occupation from then until 
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1902. He was a substitute telegraph editor for the Pittsburgh Dis- 
patch in 1890; on the New York World in 1892; with the Jacksonville 
Citizen in 1893; Atlania Constitution in 1895; Pittsburgh Dispatch, 
again, in 1899, in various capacities; managing editor of the Pitts- 
burgh Herald in 1901; and a stockholder, co-organizer, and telegraph 
editor of the Atlanta News in 1902. 

He then took up passenger traffic work in Atlanta for the Georgia 
Railway & Electric Co. In 1903 he became traffic agent for the New 
England Street Railway Lines, Boston, Mass., where he remained 
until 1906, when he was connected for a short time with the Traffic 
Department of the New York, New Haven & Hartford R.R. During 
these years he contributed a good many articles on transportation 
problems to the technical press. 

In 1907 Mr. Hulse returned to the newspaper field as desk editor of 
the New York American, and the following year became news editor 
of the American Press Association. 

About this time Mr. Hulse’s interest in engineering evidenced itself 
in his organization of the Emerson Street Sweeper Company, with 
franchises in a number of cities. A few years later his interest in the 
Imperial Electric Motor Company (owners of the Berg-Ledwinka 
patents on the four-motor four-wheel drive), led to the organization 
of the Electro-Coach Corporation for the manufacture of buses and 
taxicabs. As manager and traction expert for the company he laid 
out bus routes for the City of New York which were basic lines for 
many years. Still later he became treasurer of the Randall Motor 
Corporation, New York. 

In 1910 Mr. Hulse’s printing and engineering interests merged in 
the efficiency engineering firm of Crittenden and Hulse, New York, 
which was devoted for many years to practical mechanical work in 
printing plants, handling contracts in printing and publication houses 
throughout the East and South, and in Canada. His technical 
articles dealing with printing plant problems which were published 
during this period included ‘‘Planning Buildings to Suit Printing 
Plants,” ‘Layout of Cylinder Pressroom to Avoid Vibration jn Struc- 
ture,” and Offset Process—A Practical Treatise,’’ a guidebook 
in use for many years. 

As a printing plant consultant Mr. Hulse had been of considerable 
assistance to John A. Hill in connection with his Pearl Street plant 
and during the planning of the new building at 36th Street and Tenth 
Avenue. In October, 1914, Mr. Hill called upon him to make a study 
of his five engineering publications, and the manner of presenting 
articles to the public. The result of his study, a 320-page ‘‘Hill 
Engineering Weeklies Manual,”’ intended as a guide to all engineering 
writers, was in process of publication at the time of Mr. Hill's death 
in January, 1916. Mr. Hulse, who held the copyright for the manual, 
resigned his position upon the death of Mr. Hill, and their plans for 
the manual were not carried out. 

During the next few years Mr. Hulse devoted himself to such war 
activities as Liberty Loan campaigns and other money-raising and 
patriotic drives. He was also, beginning in June, 1917, national direc- 
tor of publicity and information for the Boy Scouts of America, and 
organized publicity for the Eastern Department of the National War 
Work Council. He aided in organizing the nation-wide search for 
standing black walnut for gun stocks and airplane propellers, secured 
large quantities of peach pits for gas-mask charcoal, and supplied the 
Government with much useful information on other subjects. His 
work for the Boy Scouts led to his selection in 1920 for the position 
of international secretary of the Big Brother Movement, which 
he declined because of the large amount of traveling required. He 
did serve temporarily, however, in connection with work in the New 
York area. 

Of all his associations perhaps the one which most completely satis- 
fied his inclinations was that with the American Type Founders Com- 
pany, Jersey City, which began in 1921. As manager of their Mer- 
chandise Department Mr. Hulse improved many of the old items, de- 
vised and patented new ones, including the Universal quoin key and 
the hacksaw pressroom knife. At the same time he was carrying on 
experiments in the practical application of stainless steel in this field, 
using it successfully for type-high and plate gages, type scales and 
line measures, composing and make-up rules, ejector press punches, 
and many other devices. In 1925 he became president of the Stain- 
less Steel Manufacturing Company, New York. 

Mr. Hulse became a member of the A.S.M.E. in 1925 through his 
interest in the Printing Industries Division of the Society (renamed 
the Graphic Arts Division in 1935). He helped to develop the series 
of conferences in the printing industry sponsored by the Division, 
and gave much of his time and effort to the committee work of the 
Division in the capacity of its chairman in 1929-1930, secretary from 
1932 through 1935, and as chairman again during the months im- 
mediately preceding his death. He was instrumental also in the 
organization of the Graphic Arts Research Bureau in 1935. 
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From 1928 to 1934 Mr. Hulse was a member of the editorial staff 
of the A.S.M.E., where his varied experience formed a valuable back- 
ground for his work on technical papers for Mechanical Engineering 
and the TRANSACTIONS and his newspaper training and familiarity 
with the mechanical details of printing were frequently of great help. 
He was editor of ‘‘Arc Welding,”’ published in 1929 and comprising 
papers submitted to the A.S.M.E. for the prizes offered by the Lincoln 
Electric Company, Cleveland, in 1928. 

During the last two years of his life Mr. Hulse struggled against 
his failing health, unwilling to give up participation in those activities 
which had long claimed his interest; saddened also by the death in 
1933 of his wife, the former Miss Nellie B. Griffin of Jersey City, 
whom he married in 1909. 

Prior to the death of Mrs. Hulse, they made their home in Westfield, 
N.J. He became interested in the history of the State of New Jersey 
and was a joint editor of ‘‘New Jersey: Life, Industries, and Re- 
sources of a Great State,’’ published by the New Jersey State Cham- 
ber of Commerce, in 1928. 

Mr. Hulse is survived by a sister, Mrs. Cornelia L. (Edward W.) 
Preston, of Bridgeport, Conn., and a nephew, Bennett Preston. 


FRED CROCKER HUSSEY (1894-1934) 


Fred Crocker Hussey, who became a member of the A.S.M.E. in 
1927 and served as secretary of the Kansas City Section of the Society 
in 1932-1933, was born on September 10, 1894, at Carthage, Mo. 
He entered the University of Missouri from the Carthage High School 
and was graduated with a B.S. degree in engineering in 1918. During 
the summers of 1915 and 1916 he worked in Manitowoc, Wis., at 
the shipyards there and at the Richards Iron Works, and he spent the 
winter of 1917-1918 at the Atlas (Mo.) Powder Mills. For eight 
months in 1919 he was employed by the American Car & Foundry 
Co., Madison, Ill. 

For about seven years, beginning in the fall of 1919, Mr. Hussey 
was connected with the United Iron Works, Inc., in Kansas City, ris- 
ing from the position of draftsman and estimator to that of manager 
of the Pomona Pump Department. Part of his early work was done 
at the plant at Iola, Kan., and part at Joplin, Mo., where he was in 
charge of several draftsmen working on the design of electric hoists 
and mining cars. Later he helped to design a Pomona double-stroke 
deep-well power pump, established sales agencies, and developed ad- 
vertising for the Pomona pump. 

Since July, 1926, he had been with the Kansas City Water Depart- 
ment, beginning as draftsman and serving as mechanical engineer for 
the department at the time of his death the latter part of August, 
1934. 

Mr. Hussey is survived by his widow, Mrs. Ruth Hussey, a son, 
William, and a brother, Frank Hussey. 


GENTARO IGARASHI (1875-1935) 


Gentaro Igarashi, director of the Ajikawa Iron Works, Osaka, Ja- 
pan, a member of the A.S.M.E. since 1921, died on February 2, 1935. 

Mr. Igarashi was born at Utsunomiya, Japan, on May 1, 1875. 
He attended the College of Science and Engineering of Kyoto Im- 
perial University, receiving a degree in mechanical engineering in 
1902. During the next four years he was in charge of the rolling- 
stock department of the Kansai Railway Company, Limited, Osaka, 
and then spent a year as superintendent of the workshop of the com- 
pany. 
From 1907 to 1926 Mr. Igarashi served as superintendent of the 
generating station of the Yokohama Electric Company, Limited, at 
Yokohama, and since that time had been connected with the Aji- 
kawa Iron Works. 

Mr. Igarashi also belonged to the Society of Mechanical Engineers 
of Japan. 


CHARLES JABLOW (1887-1935) 


Charles Jablow, mechanical engineer in charge of design of Diesel- 
electric locomotive parts for the Westinghouse Electric & Manufac- 
turing Co., at the South Philadelphia Works, Lester, Pa., died on 
September 12, 1935, at his home in Drexel Hill, Pa. 

Mr. Jablow was born at Louisville, Ky., on December 26, 1887. 
He attended the Manual Training School at Louisville, from 1902 to 
1906, then entered Kentucky State University. He was graduated 
with a B.M.E. degree in 1909 and three years later received his M.E. 
degree from the University. 

During the summers of 1905 and 1906 Mr. Jablow worked for the 
Louisville Home Telephone Company and he spent the summers of 
1908 and 1909 as draftsman and stockkeeper for the Kentucky Elec- 
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tric Company at Louisville. In the fall of 1909 he became a designer 
fer the Northern Engineering Works, of Detroit, Mich. 

Beginning in 1910 Mr. Jablow spent ten years in the teaching pro- 
fession. For the first two years he was assistant in machine design 
and mechanical drawing at the Kansas State Agricultural College 
and from then until 1920 was located at the Oklahoma Agricultural 
and Mechanical College, at Stillwater, advancing trom assistant pro- 
fessor of mechanical engineering to a full professorship. In 1918 he 
was also special inspector in the Mid-Continent Field for the Oil 
Division of the United States Fuel Administration. 

In 1920 Mr. Jablow entered the Railway Engineering Department 
of the Westinghouse Electric & Manufacturing Co. at their East 
Pittsburgh Works, directing his efforts to the design of the mechani- 
cal parts of electric locomotives until 1934, at which time he assumed 
charge of the mechanical design of Diesel locomotives at the South 
Philadelphia plant. 

Mr. Jablow was the author of many papers pertaining to mechani- 
cal design of electric locomotives and was granted many patents cover- 
ing the detailed parts of such units. His work in connection with the 
development of the mechanical strain gage as used for the measure- 
ment of track stresses was notable. In addition to his professional 
work, he was associated with many outside activities, such as the 
Boy Scouts of America, local civic clubs, and local welfare organiza- 
tions. He became an associate-member of the A.S.M.E. in 1915 and 
a member in 1920. He also belonged to the Society for the Promo- 
tion of Engineering Education, American Association for the Ad- 
vancement of Science, and the Masonic Order. 

Mr. Jablow is survived by his widow, Frances (Train) Jablow, a son, 
Warren, and a daughter, Alice. 


HUGO JUNKERS (1859-1935) 


Hugo Junkers was born on February 3, 1859, in Rheydt, near 
Diisseldorf, where his father owned a weaving establishment. 

He attended the Higher Trade School in Barmen, where he thus 
early showed an unmistakable inclination toward technology and 
especially machine construction. From 1878 to 1883 he studied ma- 
chine design at the Polytechnic Institutes at Berlin, Karlsruhe, and 
Aachen. At Aachen he worked under Slaby, who was then busy with 
his basic experiments on the four-stroke-cycle engine. When Wil- 
helm von Oechelhaeuser asked Slaby to recommend a young engineer 
to cooperate in developing a gas engine at Dessau, he recommended 
Junkers. 

This cooperation between Oechelhaeuser and Junkers brought 
about the large opposed-piston gas engine, which formed the basis 
for Junkers’ later development of the opposed-piston oil engine. 

During this period Junkers developed the gas calorimeter which 
brought his name before physics students all over the world. 

While at Dessau at this period he invented the gas-fired hot-water 
heater which has been a blessing in countless bathrooms and which is 
still manufactured in Dessau as well as in many other places in many 
countries. 

Because of the outstanding character of his work at Dessau, 
Junkers was recalled to Aachen and from 1897 till 1911 was academic 
instructor in heat theory and director of the newly established ma- 
chine laboratory at the Polytechnic Institute there. 

During these years he carried on many elementary experiments in 
heat transfer and in structure design, the results of which formed the 
basis for his subsequent Diesel motor and aircraft work. 

In 1911, Junkers resigned from Aachen in order to devote all of 
his energies to air-transportation problems, which absorbed all of 
his time until his death, on his 76th birthday (1935), at Gauting, 
near Munich. 

He established a great private laboratory at Dessau. At that time 
aircraft were built with wooden frames and propelled with heavy 
gasoline motors. He was the first successful builder of the all-metal 
airplanes and the first to apply the compression-ignition type of heavy 
oil engine in commercial air service. 

His persistence in thorough fundamental research, beginning while 
first at Aachen, and continuing throughout his lifetime, combined 
with the unusual ability to utilize the experimental data for com- 
mercial design, made his lifework an outstanding example of useful 
effort. His great inventions and developments, one after another, 
were of practical value. The calorimeter has been useful in improving 
our facilities for technical instruction. The gas water heater added 
to the cleanliness and comfort in countless homes. The close co- 
operation between the Research Laboratory at Aachen, and later the 
Junkers Laboratory at Dessau, and the German manufacturing in- 
dustry was a pioneer movement which paved the way for the scientists 
and the industrialists to utilize and profit by each other's ability and 
experience, as is now being done so generally both in Europe and 
America. His daring originality foresaw not only the need of the 


metal airplane but how to make it in a practical way. The result 
contributed greatly to the speed and safety of modern air transporta- 
tion. 

He realized the limitations of both the carburetor-spark-ignition 
type gasoline engine and the heavy, slow-speed Diesel motor of the 
World War days, and recognized that for long distance, high-speed 
passenger and freight transport more efficient, safer, and lighter 
weight engines were required. He lived to see his light-weight, 
multicylinder, high-speed, opposed-piston, compression-ignition 
engine burning safe, inexpensive fuel oil in actual operation, and 
since his death it has become commercial. 

I remember one day early in 1931 seeing one of his planes with his 
new aircraft oil engine in it, with Herr Junkers himself aboard, mount 
gracefully from the air field at Munich. I had inspected the engine 
the day before at Dessau and seen a duplicate on the test-bed there. 
There was no doubt that the Diesel-type motor for air service had 
arrived. It required only five years more for the Diesel to so establish 
itself as to be used in the transatlantic flights of the Hindenberg. 
While this greatest lighter-than-air ship and its engines are quite 
different from the planes and motors developed by Junkers, they repre- 
sent the constructive effect on that branch of German industry of 
the fundamental, sound, and novel research which he made about 
thirty years ago. 

Industry recognized his work and rewarded him for it. In the 
scholastic field Professor Junkers was also recognized and honored. 
The Polytechnic Institute at Munich made him a doctor of engineer- 
ing; the Department of Philosophy of the University of Giessen gave 
him a Ph.D.; the Siemens Ring Foundation bestowed the Siemens 
Ring on him on December 13, 1930, and the V.D.I. gave him the 
Grashof gold commemorative medal at its National Meeting in 1927. 
He became a member of the A.S.M.E. in 1924. 

His was a life rich in the blessings of successful work, the fruition 
of much of which he lived to see. He was a simple, modest man who 
was always ready to recognize merit in his coworkers. He will be 
long remembered as an outstanding, cultured, German engineer 
whose enduring work was consecrated to the Fatherland and remains 
as a monument to his clear vision, his audacity in undertaking new 
developments, and his persistence in perfecting them.—[{Memorial 
prepared by Ouiver F. ALLEN, New York, N.Y. Mem. A.S.M.E, 
Based on an appreciation by Dr. A. Niigel, published in Zeitschrift 
V.D.I., March 9, 1935. 


ERNEST RODHAM KENNER (1885-1936) 


Ernest Rodham Kenner, manager of tires, accessories, and spe- 
cialties sales for the Shell Petroleum Corporation, St. Louis. Mo., 
died on March 23, 1936, of pneumonia. 

Mr. Kenner was born at Atlanta, Ga., on September 8, 1885, son 
of William Hamblen and Lucretia Clay (Tibbs) Kenner. He at- 
tended high school at Dalton, Ga., and was graduated from the Geor- 
gia School of Technology in 1907, with a B.S. degree in mechanical 
engineering. Following his graduation he worked for a time as boiler 
salesman for the R. D. Cole Manufacturing Co. and as draftsman and 
engineer in the district office of the General Fire Extinguisher Com- 
pany at Charlotte, N.C. In 1909 he became a student apprentice in 
the Allis-Chalmers Manufacturing Company at Milwaukee, Wis., 
and upon the completion of his training course engaged in sales work 
for that company until 1916. He then took a position as supervising 
engineer of Plant No. 2 of the Firestone Tire & Rubber Co., at Akron, 
Ohio. Leaving there in the fall of 1917, he was with the Westing- 
house Electric & Manufacturing Co. in Pittsburgh, Pa., engaged in 
sales and engineering work for the Power Division, until March, 1918. 
The next year was spent as mechanical superintendent for the Air 
Nitrates Corporation at Muscle Shoals, Ala. 

In April, 1919, he became assistant sales manager for the Wellman- 
Seaver-Morgan Company, Cleveland, where he remained until the 
fall of 1923. During the next two and one-half years he engaged in 
contracting work and from then until the latter part of 1931 he was 
in charge of automobile tire sales for the B. F. Goodrich Co., Akron. 
His association with the Shell Petroleum Company dated from the 
first of January, 1932. 

Mr. Kenner married Ethel Lillian Williver, in Milwaukee, in 1913 
and is survived by her and by their four children, Rodham W., For- 
rest, Hamilton, and Elizabeth Kenner. 

He became a junior member of the A.S.M.E in.1912 and a member 
six years later. 


JAMES MARTIN KENT (1865-1935) 


James Martin Kent, for the past 38 years teacher and engineer for 
the Kansas City School District, Manual Training High School, 
Kansas City, Mo., died on March 24, 1935. <A son of Richard and 
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Rosetta (Chambers) Kent, he was born on October 6, 1865, at 
Kewanee, Ill., and secured his early education in the public schools 
there and at Wyoming, Ill. He was graduated from the University 
of Illinois with the degree of bachelor of science in mechanical 
engineering in 1885. During the remainder of that year he was 
employed by Cowl & Vandenburgh, Chicago, operating an electric- 
light plant and working in the shop. Early in 1886 he installed plants 
for the Sperry Electric Light, Motor & Car Brake Co., in Chicago. 
He then went to Kansas City, Mo., to install and operate the plant 
of the Sperry Associated Electric Company. He continued in elec- 
trical installation and repair work in Kansas City and vicinity until 
1897, during the last nine years serving as chief engineer of the elec- 
tric light and power plant of the Emery, Bird, Thayer Dry Goods 
Company, which he had installed. 

In 1897 he accepted a position as teacher of steam and electricity 
and as designer and operator of the power plant in the Manual Train- 
ing High School. In addition to this work he carried on a small prac- 
tice as a consulting electrical and mechanical engineer, and during 
the period 1912-1917 was president of the Henrici, Kent & Lowry 
Engineering Co., during which time he was largely responsible for 
the design and installation of a number of municipal and private 
plants. 

He served for some years as a member of the Board of Examining 
Engineers of Kansas City, and was engineer for the Board of Educa- 
tion. During the World War he was engineer for the United States 
Fuel Administration in the Kansas City District. 

Mr. Kent became a member of the A.S.M.E. in 1900, and in the 
same year joined the American Institute of Electrical Engineers. 
He was also a member of the American Society of Heating and 
Ventilating Engineers, Institute of Radio Engineers, American Chemi- 
eal Society, American Electrochemical Society, American Associa- 
tion for the Advancement of Science, American Forestry Association, 
Society for the Promotion of Engineering Education, National Society 
for the Promotion of Industrial Education, National Educational 
Society, Missouri Society of Mathematics Teachers, National As- 
sociation of Power Engineers, National Geographic Society, and 
Kansas City Engineers Club. 

Surviving Mr. Kent are his widow, Jessie Paull (Nichols) Kent, 
whom he married in 1893, and one son, Paul N. Kent. 


DAVID J. KERR (1874-1934) 


David J. Kerr, general operating superintendent of The Champion 
Fibre Company, Canton, N.C., died in his berth on the night of June 
19, 1934, while traveling from Canton to Raleigh, N.C., to attend 
the North Carolina State Convention. 

Mr. Kerr was born at Ballybay, County Monaghan, Ireland, on 
July 19, 1874. His father died in 1885 and the mother and family 
moved to America in 1887, locating in Atlanta, Ga. David attended 
the West End Academy there until after the death of his mother in 
1890, being forced to leave school at that time in order to help sup- 
port the younger members of the family. At that time the first elec- 
tric street railway was being built in Atlanta and for two years Mr. 
Kerr was in charge of the motor equipment. In 1893 he secured work 
as a wireman in connection with preparations for the Cotton States 
and International Exposition to be held in Atlanta in 1895. When 
the Exposition opened he was appointed to the position of electrical 
inspector and at its close was given a place as assistant superintendent 
of construction for the Tennessee Centennial Exposition which was 
to be held in Nashville in 1897. During the operation of this Ex- 
position he was superintendent of maintenance of the electrical de- 
partment. At the close of the Centennial Mr. Kerr moved to Rome, 
Ga., where for five years he was superintendent and chief engineer 
of the Rome Railway & Power Co. He resigned this position to be- 
come electrical engineer for the Tennessee Copper Company, at 
Copper Hill, where he later served as master mechanic in addition 
to other duties. Correspondence courses in engineering in 1904— 
1905 supplemented his early schooling. 

Mr. Kerr entered the employ of The Champion Fibre Company as 
chief electrician in 1908. In 1915 he built and equipped an electro- 
lytic bleach plant and in 1921 he was appointed superintendent of 
power, operating the three departments, steam, electrical, and elec- 
trolytic bleach. He was appointed general operating superintendent 
on October 1, 1925. 

Mr. Kerr was a genial, friendly type of man who, though recognized 
as having peculiar qualifications for leadership, was known to almost 
every one as ‘‘Dave” or ‘‘D.J.’’ In his new position he still answered 
to his nickname. 

During the World War Mr. Kerr made exceptional records in put- 
ting Canton many times “over the top’ in Red Cross and Liberty 
Loan Drives. He was elected mayor of Canton in 1923 and reelected 


each term until the year of his death. Canton owes her well-paved 
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streets to him. He took an active part in state and national politics 
and was well known from one end of the state to the other. He was 
also an enthusiastic worker in the church and Sunday School of The 
Southern Methodist Church and in the Champion Y.M.C.A., as well as 
in several fraternal orders, most especially the Knights of Pythias and 
Dramatic Order Knights of Khorrassan. He held the station of 
Chancellor Commander in Canton Lodge No. 149 for three terms, 
beginning in January, 1909, and was District Deputy Grand Chan- 
cellor for several years, beginning in 1910. He joined Suez Temple 
No. 73 of the Dramatic Order Knights of Khorrassan in 1910 in 
Asheville, N.C., and was largely responsible in the organization of 
Bagdad Temple No. 213 of the Dramatic Order Knights of Khorras- 
san in Asheville, of which he was a Past Royal Prince in 1918. 

Mr. Kerr had been an associate member of the A.S.M.E. since 1920. 
He served as vice-chairman in 1924 and chairman in 1925 of the 
Greenville Branch of the Carolinas Section of the Society. He also 
belonged to the American Institute of Electrical Engineers. He 
became a naturalized citizen of the United States when he reached the 
age of twenty-one. 

Mr. Kerr was married in 1893, his wife being Miss Kate Joiner, a 
daughter of Captain and Mrs. John J. Joiner, of Atlanta, Ga. He is 
survived by her and by three children, Mrs. Marie (Edw. W.) Bell, 
of Canton, N.C., Mrs. Bertram Cedric Hope, of Grand Rapids, Mich., 
and D. Seymore Kerr, mechanical and electrical engineer with the 
Allis-Chalmers Company, Chattanooga, Tenn. 


DWIGHT FOSTER KILGOUR (1863-1935) 


Dwight Foster Kilgour, whose death occurred at Lexington, Mass., 
on September 10, 1935, was born at Lynn, Mass., on January 5, 
1863, son of Hannibal Colby and Mary Alice Kilgour. 

Leaving school when he was fourteen, Mr. Kilgour was employed 
as an errand boy by a department store in Boston for about two years. 
During this time he picked up his first knowledge of engineering by 
helping the engineer and fireman in the adjoining building during his 
spare time. He next worked for the Waters Governor Works for a 
few months, running small machines, then worked at several tempo- 
rary firing jobs. For several months, when he was seventeen, he was 
night fireman at the Jordan Marsh & Co. department store and for 
the next two winters was night fireman for the Walworth Manu- 
facturing Company in a large block plant. During the intervening 
summer he ran a large steam engine and fired the boiler for the 
Commercial Manufacturing Company (Oleomargarine Manufactur- 
ing Company). He also fired on towboats for the Boston Tow Boat 
Company, and in the spring of 1882 took a job as oiler on the excursion 
steamer Rose Standish of the Nantasket Steam Boat Company. On 
his first trip, quick action by him, when the engineer had tempo- 
rarily left the engine room, prevented a serious collision with a ferry 
boat. This incident led to his appointment as second engineer. 

These positions gave Mr. Kilgour good experience with different 
types of engines and boilers—experience on which he based important 
contributions to steam generation in later years. 

In the fall of 1882 Mr. Kilgour went to work for Charles E. Cotting, 
a young man only four years his senior, who was just starting in the 
real estate business for himself in his father’s office in Boston. The 
association continued for nearly forty years, until the death of Mr. 
Cotting in 1921. 

In a review of his work for Mr. Cotting prepared by Mr. Kilgour 
about a year before his death he says: 

‘Mr. Cotting started me in as an engineer in the Old Boston Music 
Hall. There was one elevator engine, one engine for pumping wind 
for the large organ, and three horizontal-return tubular boilers. In 
the year of 1885 or 1886, incandescent electric lighting was installed 
throughout the Music Hall, also two units of generating apparatus— 
that being only the second isolated plant in Boston at that time.”’ 

As Mr. Cotting acquired more property, he made Mr. Kilgour his 
superintendent and engineering adviser. The first large project under- 
taken by them was the building of the State Street Exchange (Stock 
Exchange Building), the largest office building in New England at 
that time. Mr. Kilgour wrote further: 

“I took superintending charge of that building in 1893, with my 
mind continually on future projects. In the year of 1895, we built the 
Tremont Building, Parker House Extension, and the Hotel Touraine— 
and for quite a few years we always had two and sometimes three 
new buildings in process of construction—such as Symphony Hall, 
Henry Segal Department Store, South Terminal Trust Buildings, 
South Street Trust Buildings, Kimball Building, Post Office Square 
Building, Paddock Building, Gilchrist Building, and many others, 
including bank buildings (those with which Mr. Cotting was con- 
nected as director), theatres, manufacturing buildings, etc. In the 
year of 1900, Mr. Cotting took over the Boston Real Estate Trust 
Buildings, consisting of sixty large pieces of property. In 1905, at 
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the death of his father, Mr. Cotting took over his father’s business, 
consisting of the Fifty Associates Properties, Sears Real Estate Trust, 


» Snow Associates Trust, etc. When Mr. Cotting died in 1921, he had 


222 pieces of real estate to manage as active trustee, etc.”’ 

Of these buildings, the most of which were built under the direction 
of Mr. Kilgour and his assistants, 75 per cent were operated under 
his supervision. He indicated the responsibility of his position when 
he wrote: 

**We had over eighty power and heating plants of all descriptions— 
four block plants for the sale of power, light and heat—over six hun- 
dred elevators of different types—over six hundred employees. We 
were the third largest user of coal in Boston, using nearly eighty 
thousand tons per year.” 

After the death of Mr. Cotting in 1921 Mr. Kilgour went into 
business for himself as consulting engineer, specializing in appraisal 
work. He made appraisals of various plants, including those of the 
Walter Baker Chocolate Company at Dorchester, Mass., and 
Montreal, Canada. In 1923, this company engaged him to install 
hydrolectric plants at two dams on the Neponset River at Dorchester. 
One of these was the first multiple automatic plant in the United 
States. He was retained by the company in general plant improve- 
ment work until it was absorbed by the General Foods Corporation 
in 1927. One of the improvements which he brought about was the 
installation of a centralized fire alarm station which reduced the 
fire insurance rates from 33 to 18 cents. 

During the remaining years of his life Mr. Kilgour engaged in ap- 
praisal and general engineering work for large industrial plants and 
devoted considerable time to new developments in boilers, furnaces, 
and mechanical devices. 

Of a number of patents held by Mr. Kilgour he considered two of 
basic importance in development of modern methods of steam genera- 
tion. In 1909 he patented a secondary combustion tube or ‘throated 
tube,”’ to be used in connection with a steam-boiler furnace setting, 
which was later recognized as the stepping stone to subsequent work 
in turbulence. 

The second invention on which Mr. Kilgour placed particular value 
was his water-tube circulating system for the protection of wide walls, 
arches, etc., of steam-boiler furnaces, with headers on the outside of 
the setting. This was patented in 1919 and although Mr. Kilgour 
was not in a position to push its development, he felt that it was the 
pioneer step in water-wall construction. 

About 1920 he devised a system for removing the humidity from the 
atmosphere, for the Nestor Cigarette Company, Boston, which he 
realized later was pioneer work in air conditioning. 

About this time he also eliminated smoke nuisances at the South 
Terminal Trust power plant by springing an arch across the fire- 
boxes of the locomotive-type boilers. He was asked if he intended to 
patent this ‘‘arch’’ construction, but did not think it of much impor- 
tance then. 

In 1925, while still with the Walter Baker Company, he devised a 
new form of brine cooler for refrigeration, using smaller tubing with 
less surface than had previously been employed, and thereby obtain- 
ing thirteen degrees temperature drop, as compared with nine degrees, 
and increasing capacity nearly fifty per cent. 

In 1933 he patented a new type of steam boiler—a vertical fire- 
tube boiler with a water-tube circulation which gave excellent results 
in tests made at the Massachusetts Institute of Technology. 

Other patents by Mr. Kilgour included several forms of lubricating 
devices, hydraulic shock absorbers for automobiles, filter boxes for 
boiler feedwater, and sprinkler alarm valves. 

Mr. Kilgour became an associate of the A.S.M.E. in 1905 and a 
member four years later. He also belonged to the Masonic fra- 
ternity. 

Mr. Kilgour was twice married, first to Grace A. Barrett, of Boston, 
and in 1901 to Rhoda A. Furbish, of Presque Isle, Me. He is survived 
by his widow and by three children of his first marriage, Alice 
Louise, Edith Cogswell, and Walter Malcolm Scott Kilgour. 


ARTHUR HENRY KNEEN (1872-1935) 


Arthur Henry Kneen, whose death occurred at his home in Scranton, 
Pa., on July 7, 1935, was born at Derby, Conn., on December 27, 
1872. His parents were Thomas and Mary (Cheshire) Kneen. 

Following his graduation in 1891 from the Michigan Agricultural 
College with a B.S. degree in mechanical engineering, Mr. Kneen 
took charge of the Mechanical Department of the New York Inter- 
Urban Water Company, Mt. Vernon, N.Y., where he remained until 
1905. He next spent a period of even greater length with the Operat- 
ing Department of the American Pipe & Construction Co., Philadel- 
phia. He was engineer and assistant general superintendent until 
1917, when he was promoted to the position of general superintendent. 
He had charge of the design, installation, and operation of all the 


mechanical equipment of the utilities operated by the American Pipe 
& Construction Co., which consisted of water companies, gas com- 
panies, electric light and street railway companies, and sewerage com- 
panies, located in Pennsylvania, New Jersey, New York, Virginia, 
Georgia, Alabama, Arkansas, and Texas. He designed and installed 
in many of the plants complete stations consisting of boilers, pumps 
and steam turbines, piping and full equipment. Subsequently he 
became chief engineer for the Phila-Suburban Water Company, 
Philadelphia, designing and building filter beds, sewage plants, and 
reservoirs. He planned a new large storage lake reservoir, and built 
a dam at Crum Creek, a new pumping station at Pickering Creek, 
installing pumps and interior filtration beds, and also a dam to con- 
trol flow and an aeration system. Since 1927 he had been managing 
superintendent, operating vice-president, and engineer for the Scran- 
ton-Spring Brook Water Service Company at Scranton, and president 
of subsidiary companies in Pennsylvania. : 

Mr. Kneen had been a member of the A.S.M.E. since 1919 and was 
active in water-works associations. He served as vice-president of 
the Pennsylvania Water Works Association from 1929 to 1934 and 
was a member of the American Water Works Association, and the. 
Pennsylvania Water Works Operators Association. He was a mem- 
ber of Irem Temple, A.A.O.N.M.S., the Irem Country Club, at 
Dallas, the Scranton City Club, the Green Ridge Club, and the 
Engineers Club of Philadelphia. He served as president of the 
Borough Council of Lansdowne, Pa., from 1922 to 1926. 

Married in 1897 to Miss Alice M. Beaudry, he is survived by her 
and by their son, Thomas Beaudry Kneen. 


ARTHUR E. KRAUSE (1853-1935) 


Arthur E. Krause, who died on July 1, 1935, at Mountain Lakes, 
N.J., was a native of Germany. He was born at Zwickau, Saxony, 
on April 2, 1853, son of Herman Frederick and Sara (Michaelis) 
Krause. The most of his life was spent in this country. He at- 
tended public school in New York, N.Y., and took a course in archi- 
tectural and mechanical drawing at Cooper Institute. At the early 
age of seventeen he became a mechanical draftsman for the Depart- 
ment of Public Parks in the City of New York. Under the direction 
of Jacob Wrey Mould, architect in chief, he made detailed structural 
drawings for the public buildings in Central Park. 

For about two years, beginning in 1880, Mr. Krause served as a 
draftsman in several architects’ offices in New York, and in 1882 be- 
came mechanical draftsman on sugar machinery for the F. O. Mat- 
thiessen & Wiechers Sugar Refining Co., Jersey City, N.J. He was 
made structural and mechanical engineer for that company the follow- 
ing year, and retained that position until 1887. From then until 
1908 he was structural engineer for the American Sugar Refining 
Company, Jersey City, and during the remainder of his active life 
engaged in the manufacture of filters of various kinds. He held 
patents on methods of clarifying and re-boiling water, particularly 
for ice manufacture, on a re-boiler and condensate purifier, and on 
other filtering equipment. He contributed articles to the technical 
press on sugar machinery and on the purification of steam conden- 
sate. 

Mr. Krause had been a member of the A.S.M.E. since 1887 and be- 
longed to the Mountain Lakes Men’s Club. He was unmarried and 
is survived by a sister, Miss Clara Krause, of Mountain Lakes. 


ROSCOE RAYMOND LEONARD (1894-1935) 


The sudden death on December 8, 1935, of Roscoe Raymond 
Leonard, since 1926 a member of the secretarial staff of the A.S.M.E. 
and since 1929 representative of the Society at its Mid-West office in 
Chicago, was reported in Mechanical Engineering as follows: 

‘Mr. Leonard had come to New York for the annual meeting 
of the A.S.M.E. and when last seen by his associates on Saturday, 
December 7, was spparently in the best of health and spirits. Death, 
several! hours later, resulted from a cerebral hemorrhage and was al- 
most instantaneous. 

“‘Mr. Leonard became a member of the A.S.M.E. headquarters 
staff in 1926 and for several years served in the editorial department. 
He had previously been associate editor and assistant secretary of the 
American Society of Refrigerating Engineers. His advent to the 
A.S.M.E. staff was at a time when the Society’s publications were 
undergoing drastic revision and enlargement as a result of the change 
from an annual volume of Transactions to a series of publications com- 
prising the papers presented at the meetings of the Professional Divi- 
sions. To the extensive correspondence necessary to make clear the 
fact and purposes of this change to members who were confused by it, 
he devoted much time. Members of the Fuels Division will recall 
his services in connection with the widely attended national meetings 
of that division which marked the unusual technological develop- 
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ments in stoker and pulverized-fuel practice of the late twenties. 
He also edited a question-and-answer department under the auspices 
of the divisions that was a feature of Mechanical Engineering for a 
few years. 

‘When the A.S.M.E. Council voted, in 1929, to open a Mid-West 
office in Chicago, in order to bring the services of the Society's head- 
quarters staff closer to members in that district, Mr. Leonard was 
assigned to the office. A native of Indiana and a former student at 
Purdue University, he brought to his duties in that post a sympathetic 
understanding of its problems. Among the members in Chicago and 
vicinity he made many warm friends. His visits to the Local Sec- 
tions and Student Branches in the territory served by his office were 
of value to the Society and to the members in that district who felt 
that they had in him a personal representative. His two hundred- 
weight of geniality won many friends, and his willingness to be of ser- 
vice will be sorely missed.” 

Mr. Leonard was born at Pekin, Ind., on April 23, 1894, son of 
William and Bertha (Tash) Leonard. The family moved to Salem, 
Ind., when he was thirteen years old and he was graduated from the 
high school there in 1913. He studied electrical engineering at Pur- 
due University the following year, but becoming interested in voice 
culture, entered the Indianapolis Conservatory of Music, from which 
he was graduated in 1915. He studied a short time, also, in the 
Louisville Conservatory of Music. He married Miss Vera Albin, a 
teacher at the Indianapolis conservatory, in 1916. 

After some early experience as a draftsman for companies in In- 
dianapolis and Louisville, while studying music, Mr. Leonard went to 
Cincinnati, in 1916, to take a position in the engineering department 
of the Triumph Ice Machine Company. He was there until 1919, 
and during the next year was connected with the ice-machine depart- 
ment of the De La Vergne Machine Company, New York. His 
work for these two companies consisted of drafting, which entailed 
refrigeration computations, plans for machinery and piping installa- 
tions, and design of ice-manufacturing equipment. For a short time 
in 1920, prior to becoming assistant secretary to The American So- 
ciety of Refrigerating Engineers, he worked with T. Howard Barnes, 
consulting engineer, New York, on engineering and drafting in con- 
nection with a large packing house for Colombia, S.A. 

An editorial in Refrigerating Engineering, February, 1936, read, in 
part, as follows: 

“Mr. Leonard was attached to the staff of The American Society 
of Refrigerating Engineers from 1920 to 1926, serving as editor of 
Refrigerating Engineering from its inception in 1922. He was a 
junior member of the society during the first of the period, and later 
was promoted to full membership, which he retained until 1933. He 
was secretary of the Refrigeration Safety Code Committee for a pe- 
riod of seven years, during his employment by the A.S.R.E. and by 
the A.S.M.E., and held other committee jobs in both groups. 

‘‘As we knew him, those virtues were his which we all look for in 
men and seldom find—fundamental honesty and loyalty, frankness 
of purpose and action. He bore malice to none, was remarkably ac- 
commodating and good natured, but not afraid of a fight when one 
was necessary. With rather meagre advantages at the start he rose 
to a place of influence in his profession, an influence that will be felt 
after him.” 

Mr. Leonard was markedly active in music and church work. He 
was a soloist at the First Methodist Episcopal Church in Montclair, 
N.J., organized the Clarion Quartet, which filled many engagements 
in the Metropolitan area, and sang occasionally over radio station 
WJZ while he was in the East. After moving to Chicago he joined 
the Norwood Park Methodist Episcopal Church and was a member 
of its official board, chairman of the music committee, and director 
and bass of the church quartet. He took great pleasure in the cul- 
tivation of flowers in the gardens surrounding his home, and was de- 
voted to the care of his wife, for a number of years an invalid. He is 
survived by her and by two children, Betty Jane and Robert Albin 
Leonard, as well as by his parents and a brother, Jesse Leonard, of 
Clarksburg, W.Va. 


DAVID J. LEWIS, JR. (1857-1935) 


David J. Lewis, Jr., consulting engineer, a memberfof the A.S.M.E. 
since 1892, died on December 26, 1935. 

The son of David J. Lewis, a marine engineer, and Anna E. Lewis, 
he was born at Baltimore, Md., on Christmas Day, 1857. His educa- 
tion, through high school, was secured in the public schools of Chester, 
Pa., and he was graduated from the Polytechnic College, at Phila- 
delphia, as a mechanical engineer. After serving an apprenticeship 
in the boiler and machine shops and drafting room of J. Roach & 
Son, shipbuilders, at Chester, he spent some time at sea, reaching the 
grade of assistant engineer on ocean steamers. 

The Polytechnic College gave him a master’s degree in mechanical 
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engineering in 1881, and during the next two years he was superintend- 
ent of the Dobbins Boiler Works at Lowell, Mass. He then returned - 
to the Roach shipyard where he was assistant foreman of the Boiler 
Department until 1886. 

During the next four years Mr. Lewis was superintendent of the 
Boiler Department of the Southwark Foundry & Machine Co., in 
Philadelphia. He next went to Chicago, where he spent two years as 
general superintendent and engineer of the Porter Boiler Manufactur- 
ing Company, Standard Fireless Engine Company, and the Boiler 
Department of the Excelsior Iron Works. 

In 1892, after a short time as engineer in the Standard Pipe De- 
partment of the Stearns Manufacturing Company, Erie, Pa., Mr. 
Lewis became superintendent of the Gill Boiler Works, Philadelphia. 
He then returned to Lowell where he held the position of chief engi- 
neer of motive power of the Merrimac Manufacturing Company. 

From 1897 on Mr. Lewis was associated successively with a number 
of companies as consulting engineer and sales manager. The first of 
these was the A. A. Griffing Iron Co., of New York and Boston, which 
he served until 1909. Then there came two three-year periods with 
the American Radiator Company and Lyten Manufacturing Com- 
pany, both of New York. From 1915 to 1920 he was connected with 
the W. J. Wayte Co., New York, and during the next ten years with 
Cresson & Morris, Philadelphia. In December, 1930, he became con- 
sulting engineer and sales agent of the Centrifugal Department of 
the Fletcher Works, with headquarters in New York, and he continued 
in that position until his death. 

Mr. Lewis married Miss Leila F. Kinder, of Bridgeville, Del., in 
1882. Her death occurred on January 1, 1936, less than a week after 
his. They are survived by two children, Walter Harold Lewis and 
Ethel (Lewis) Hirsh. 


JOHN J. LICHTER (1867-1935) 


John J. Lichter, consulting engineer, St. Louis, Mo., a member of 
the A.S.M.E. since 1924, died of heart failure at Estes Park, Colo., on 
June 13, 1935. He was a native of St. Louis, having been born there 
on May 27, 1867, son of John and Mary Emma (Arnoux) Lichter. 
His education was begun in St. Louis and continued in Denver, where 
his family moved because of the ill health of his mother. After her 
death in 1883, he returned to St. Louis and entered the St. Louis 
Manual Training School, from which he was graduated two years 
later. He then entered Washington University, where he spent five 
years in the study of mechanical and electrical engineering, graduat- 
ing in 1890. 

Shortly after his graduation he entered the employ of the late John 
Scullin, who became one of his best friends. In addition to his engi- 
neering work for Mr. Scullin, he taught astronomy at Washington 
University from 1897 to 1899, and again from 1901 to 1903. 

From 1894 to 1898 he was engaged in electric-railway work in 
charge of all engineering for the Union Depot Railroad (electric) 
Company, of St. Louis, until its consolidation with the United Rail- 
ways Company, when he became chief electrical engineer of the 
United Railway system. 

In 1901 he became associated in consulting engineering with 
William Jens, a civil engineer, who had done valuable work in laying 
out railroads in Mexico. The firm received commissions for the de- 
sign and construction of buildings and equipment for power stations 
for many public-utility companies in Missouri and Nebraska, includ- 
ing the East St. Louis & Suburban Railway, Omaha & Council Bluffs 
Street Railway, East St. Louis, Columbia & Waterloo Railway, St. 
— Railway, Light, Heat & Power Co., and Lincoln Gas & Elec- 
tric Co. 

They also designed buildings and power equipment for industrial 
firms, including the Heine Boiler Company, St. Louis Frog & 
Switch Co., Fulton Iron Works, Scullin Steel Company, St. Louis 
Basket & Box Co., Valier & Spies Milling Co., Geo. P. Plant Milling 
Co., Evertight Piston Ring Company, Warner Chemical Company, 
Cupples Company, and Fulton Bag & Cotton Mills, all in St. Louis; 
also a heating plant for the Missouri Botanical Garden, buildings for 
the Dennison (Tex.) Light & Power Co., the Ralston Purina Com- 
pany, at Fort Worth, Tex., a power station for the Walsh Fire Clay 
Products Company, a tVandalia, Mo., and other plants, the total ex- 
penditures for which ren into millions of dollars. 

The St. Louis Frog & Switch Co. was organized by Mr. Lichter in 
1906 and he served as its president until its liquidation in 1932. 

The Bulletin of the Academy of Science of St. Louis for November, 
1935, contains resolutions adopted by the Council of the Academy 
from which the following is taken: 

“One seldom meets a man of such broad interests and versatility of 
mind as were possessed by Mr. Lichter. He had an almost profound 
knowledge of many subjects, such as electrical and mechanical engi- 
neering; of astronomy, physics, and geology. He was also well ac- 


< 
7 


RI-64 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


quainted with the fauna and flora of many parts of our country. He 
was a collector of butterflies and raised fine’ chickens, horses, and 
cattle as a side issue, often receiving prizes at exhibitions. 

“A photographer since his boyhood, he recently became interested 
in taking motion pictures of wild life both in black and white and in 
color. He kept up with the advances in many branches of science. 

“Mr. Lichter was also a business man of unusual ability and in- 
tegrity, wonderfully well-informed concerning investment securities, 
especially when investing the funds of others. 

**He was also very fond of music. When a student at Washington 
University, he organized and was leader of the orchestra. He has 
been a member of a string quartet for 28 years. He played the violin 
and was the possessor of several good instruments. This quartet met 
at Mr. Lichter’s home on Monday evening of each week until within 
a few weeks of his death. 

“As a result of his keen business ability, he naturally accumulated 
a small fortune and he was most generous with this. On the death of 
his wife, whom he greatly mourned, he built, as a memorial to her, the 
Humane Society Animal Shelter. 

“Mr. Lichter was a life member of the Academy of Science of St. 
Louis and very active on its Council. He was a member of the St. 
Louis Engineers’ Club, the St. Louis Institute of Consulting Engi- 
neers, the Circle Club, the American Association for the Advancement 
of Science, the Missouri Academy of Science, and a life member of the 
American Museum of Natural History.” 

Mr. Lichter’s wife, Irene V. (Anderson) Lichter, whom he married 
in 1902, died in 1928. 


ARTHUR DEHON LITTLE (1863-1935) 


Arthur Dehon Little was born on December 15, 1863, at Boston, 
Mass., attended the public schools at Portland, Maine, and the Berke- 
ley School in New York, and married Henrietta Rogers Anthony of 
Boston on January 22,1901. He died on August 1, 1935. 

While an undergraduate at the Massachusetts Institute of Tech- 
nology he participated in founding the student newspaper on which 
he served as editor in chief. After graduating in 1885, Doctor Little 
kept in active touch with the Institute throughout his life. In help- 
ing to initiate the School of Chemical Engineering Practice he made 
an outstanding contribution to scientific education. He served on 
visiting committees at both Harvard and M.I.T., and was of construc- 
tive assistance to many other educational institutions, particularly 
in recommendations for strengthening the curricula of courses in 
chemical engineering. He participated in the founding of the Tech- 
nology Review, and served as president of the Alumni Association in 
1921-1922 and as its representative on the Corporation from 1912 
until his election as a life member in 1922. 

Upon graduating in 1885 he became superintendent of the first 
American sulphite-pulp mill. In 1886 his imagination and courage 
enabled him to establish what was probably the earliest private con- 
sulting organization in America devoted to the application of science 
to industry. His partner, R. B. Griffin, was killed in an accident in 
1892, and for seven years thereafter Doctor Little carried on the 
business alone, forming a new partnership with Dr. Wm. H. Walker 
in 1900 which he continued until 1909 when the business was incor- 
porated. In 1917 his laboratories were removed to their present lo- 
cation in Cambridge. 

In the early days of Doctor Little's organization there was no ap- 
preciation in this country of the place of science in industry and for 
many years he was a pioneer. The fact that he was able to break 
down the barriers of ignorance, secrecy, and prejudice and give a 
new impetus and direction to the industrial development of the coun- 
try speaks eloquently for Doctor Little’s power to inspire, to persuade, 
and to lead. 

He had an almost uncanny instinct for fertile, unexploited terri- 
tory, and directed and stimulated research which resulted in new in- 
dustries and the development of important world commodities. 
Doctor Little took out patents and processes for the manufacture of 
chrome-tanned leather, chlorate of potash, and cellulose acetate, and 
later invented processes for making newsprint from southern woods 
and for the recovery of naval stores from lumbering wastes. During 
the War he acted as consultant to both the Chemical Warfare Serv- 
ice and the Signal Corps. He wasin charge of specialre searches on 
airplane dope and acetone production, and was the inventor of a 
smoke filter which became part of the standard equipment of the 
United States Army. 

In a tribute read at a meeting of the Corporation of the Massachu- 
setts Institute of Technology, in which he was deeply interested, it 
was said that Doctor Little’s ‘‘greatness rests not so much upon 
specific inventions as upon the many advances in many fields for 
which he was responsible through inspiration and leadership. Al- 
ways generous and open in his disclosures of information, he did 


much to break down the narrow and hampering secrecy that char- 
acterized American industry before his day. 

“Transcending his accomplishments in chemical engineering, in the 
administration of scientific enterprises, and in education, stood the 
man himself, distinguished and gracious in manner, gifted in speech, 
wise and unselfish in counsel. He was a companion sought after 
for his charm, his sincerity, his urbane humor, and his learning. His 
scholarship, his vital interest in and knowledge of the work of his 
contemporaries, his delightful personality, and his gifts as a speaker 
and writer made him a most effective interpreter of the ideals and 
objectives of science, as applied to industry. Collateral with his 
capacity to appreciate and to produce a high type of interpretative 
literature was a highly developed esthetic sense which found its most 
specific expression in his rare and beautiful collection of Chinese 
porcelains.” 

His international eminence was indicated by the many honors be- 
stowed upon him, including his elections to the presidencies of the 
American Chemical Society, the American Institute of Chemical 
Engineers, and the Society of Chemical Industry in London. He 
was awarded the Perkin Medal in 1931 and received the highest 
honorary degrees from the University of Pittsburgh, Columbia Uni- 
versity, Tufts College, and, in England, the College of Technology at 
Manchester and the University of Manchester. 

The Columbia citation as drafted by Nicholas Murray Butler is 
especially fitting and gratifying to his multitude of friends: ‘‘Arthur 
Dehon Little, Chemical Engineer-——-Native of Massachusetts; a cap- 
tain in the organization and direction of research in the science of 
chemistry in all its manifold revelations covering in his field of inter- 
est and influence almost every aspect of chemical-engineering prac- 
tice; fertile in invention, practical in application and a genuine leader 
in the preservation and advancement of that organized body of knowl- 
edge which we know as science; one who, as even Sir Humphry Davy 
would admit, pursues science with true dignity.” 

Doctor Little was a member of American Academy of Arts and 
Sciences, American Association for the Advancement of Science, 
American Chemical Society, American Electrochemical Society, 
American Gas Association, American Institute of Chemical Engi- 
neers, American Institute of Mining and Metallurgical Engineers, 
American Petroleum Institute, The American Society of Mechanica] 
Engineers (since 1912), Chemical Society (London), The Franklin 
Institute, Engineering Institute of Canada, The Institute of Fuel 
(London), Institution of Petroleum Technologists (London), Royal 
Society of Arts (London), Society of Chemical Industry (London), 
Société de Chimie Industrielle (New York Section). 

He published many articles, notable not only for their scientific 
and humane value, but for the clear and individual style in which 
they were written. Among his best known literary works are ‘‘Chem- 
istry of Paper Making” (with R. B. Griffin), 1894, ‘The Fifth Es- 
tate,” 1924, and Handwriting on the Wall,’’ 1928. The book 
on paper making was for three decades the one authoritative techni- 
cal reference work in the industry.—{Memorial prepared by Pror. 
W. H. McAvbams, with the cooperation of Dr. VANNEVAR BusH, 
Joun J. Rowianpbs, Dr. F. G. Keyes, and RayMonp STEVENS. | 


CHESTER BRADFORD LORD (1870-1934) 


Chester Bradford Lord, for five years associate editor of American 
Machinist, died on May 26, 1934, as the result of an accident which 
occurred near Sellersville while he was visiting in Pennsylvania. 

Mr. Lord was born at North Milford, Me., on December 9, 1870, 
the son of Charles and Nancy Lord. After leaving high school he 
began work in 1887 with the New York Central & Hudson River 
R.R., becoming shop foreman in 1890 and continuing in that position 
until 1894. In 1896 he took the position of assistant superintendent 
of the Tubular Dispatch Company, and was engaged until 1898 in 
the installation and operation of pneumatic mail tubes in New York. 
He then went to Chicago where he served the Chicago Great Western 
Railroad as shop foreman for two years. 

In March, 1900, Mr. Lord became machinist for the General Elec- 
tric Company, Schenectady. He was made foreman of the Train 
Control Department in the fall of 1903 and held that position until 
October, 1905, when he went to St. Louis, Mo., to superintend the 
construction, layout, and equipment of a new plant for the Wagner 
Electric Manufacturing Company. He remained with this company 
until about 1920, serving as general superintendent and consulting 
engineer. 

The next position held by Mr. Lord was that of manager for the 
Advance-Rumely Company, a farm implement firm, of Battle Creek, 
Mich., which was later absorbed by the Allis-Chalmers Manufactur- 
ing Company. About the middle of the year 1922 he became general 
superintendent for The National Automatic Tool Company, Rich- 
mond, Ind., with which he remained until August, 1923. He is next 
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recorded, in 1924, as a member of a Chicago firm of consulting engi- 
neers, Wallace, Delany, and Lord, and the following year became 
superintendent of shops for the Newport News Shipbuilding & Dry 
Dock Co., Newport News, Va. He remained there until he became 
a member of the staff of American Machinist in 1929. 

Mr. Lord joined the A.S.M.E. in 1913, served on the regular Nomi- 
nating Committee in 1920, and contributed a number of papers to 
the meetings of the Society. He was at one time a member of the 
group committee for the Dominican Republic of the Inter-American 
High Commission, which was established at the Pan American 
Financial Conference of 1915 and had for its purpose the develop- 
ment of uniform legislation in the republics of the American Conti- 
nent. Mr. Lord also had some connection with the perfection of 
bomb discharges at Mare Island during the World War, and served 
on the Board of Parks and Playgrounds in St. Louis. 

Mr. Lord married Miss M. May Stimson in 1901 and is survived 
by her and by two children, Frances and Roger Lord. 


MARCUS THOMPSON LOTHROP (1884-1935) 


Marcus Thompson Lothrop, a consultant in metallurgy and anti- 
friction bearings and a pioneer in the manufacture of tapered roller 
bearings, died at his home, Hills and Dales, Canton, Ohio, on May 
24, 1935. He was former president of the Timken Roller Bearing 
Company and of its subsidiary, the Timken Steel & Tube Co., of 
Canton. 

Mr. Lothrop was born at Buffalo, N.Y., on October 2, 1884, son of 
Dr. Benjamin L. Lothrop and Maria (Thompson) Lothrop. After 
graduation from the Buffalo High School he entered the College of 
Literature, Science and Art of the University of Michigan. He re- 
ceived the degree of bachelor of science in chemical engineering in 
1906 and in 1932 the University conferred upon him the honorary de- 
gree of master of engineering. 

For a year following his graduation in 1906 Mr. Lothrop was as- 
sistant to Professor White at the University in work on iron and steel. 
On April 1, 1907, he took charge of the physical laboratory of the 
H. H. Franklin Manufacturing Co., Syracuse, N.Y., working on 
materials for automobile construction. After a short time there he 
took the position of metallurgist for the Halcomb Steel Company, 
Syracuse, with which he remained until becoming associated with the 
Timken Roller Bearing Company on October 1, 1912, as manager of 
the steel and tube department. He had taken out various metallur- 
gical and anti-friction bearing patents. 

Mr. Lothrop became a junior member of the A.S.M.E. in 1908 and 
a member in 1917. He served on the Subcommittee (of the Commit- 
tee on Meetings) on Iron and Steel from 1912 to 1915. He was also 
a member of the American Institute of Mining and Metallurgical 
Engineers, American Society for Testing Materials, American So- 
ciety for Steel Treating, American Iron and Steel Institute, Society 
of Automotive Engineers, and the British Iron and Steel Institute. 
His clubs included the Brookside Country Club, Canton; Tam-O- 
Shanter Country Club, Detroit; Congress Lake Country Club, Hart- 
ville, Ohio; Union Club, Cleveland; Detroit Athletic Club; and The 
Recess, Detroit. He was a trustee of the Aultman Hospital, Can- 
ton, 

Surviving Mr. Lothrop are his widow, Margaret (Frank) Lothrop, 
whom he married in 1922, and two children, John Henry and Mar- 
garet Lothrop. 


FRED ROLLINS LOW (1860-1936) 


Fred Rollins Low, past-president of the A.S.M.E., died on January 
22, 1936, at his home in Passaic, N.J., after a lingering illness of 
several years. 

Engineering annals are replete with the names of those who have 
contributed to its advancement, but for the greater part their achieve- 
ments have been those of the specialist. Mr. Low's role was dif- 
ferent—in a sense unique—but not less important. The forty-year 
period which spanned his active participation in engineering affairs 
witnessed the most spectacular advance in power-plant practice and 
the momentous influence of electricity on the industrial growth and 
social life of the nation. His part in the advancement of this phase 
of the engineering profession was threefold, namely, his leadership as 
an editor, his service to the A.S.M.E. and other engineering societies, 
and his influence at large in the field of power engineering, through 
his many contacts and wide acquaintance. 

As an editor it was Mr. Low’s privilege to gather, record, and dis- 
seminate information, to interpret advances in practice, and to guide 
opinion. In this he was progressive, yet cautious to the extent of 
always making sure of his facts. Ever tolerant with those who dif- 
fered with him, he accorded them opportunity to express their views 
fully, either verbally or in print, but having arrived at a decision as 
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to what was in the best interests of the profession, he tenaciously and 
fearlessly pursued his course regardiess of adverse influences. He de- 
lighted in exposing proprietary nostrums and panaceas, and, in a 
larger sense, insisted on telling the facts concerning failures of equip- 
ment to the end that safer and better designs might be demanded and 
evolved. His thinking in such matters was always constructive. 
In this connection many will recall his campaign in steam-boiler de- 
sign against ‘‘lap-joint’’ construction and the early practice of design- 
ing dished heads with a small corner radius and installing them so 
that they could not be thoroughly inspected; also his attitude con- 
cerning a prevalence of turbine-disk failures that occurred in an earlier 
period of turbine development. He was an active exponent of man- 
datory boiler inspection and licensing of operating engineers and had 
a leading part in putting through such legislation. 

Mr. Low always regarded the editorial function as analogous to that 
of teaching, and his facility for direct analysis and simple expression 
exerted a widespread educational influence in the field, particularly 
among operating men. This educational work was not confined to 
writing but also extended to the platform and he devoted much time, 
especially in the earlier years, to lectures before operating groups. 
Aside from this his versatility and breadth of vision encompassed the 
whole field of power engineering, and as one commentator has aptly 
expressed it, ‘‘He saw eye to eye with those industrial leaders who were 
concerned with the larger aspects of power production and use.” 

To his associates in editorial work he was ever an inspiration. 
While exacting as to the quality of their work and insistent upon 
strict adherence to prescribed editorial standards, he accomplished 
this objective through kindly suggestion and by setting the example. 
Never jealous of his own prerogatives or personal prestige, he en- 
couraged and assisted those about him to develop to the maximum of 
their capabilities and he never failed to give full credit for work well 
done. His personal characteristics and human qualities endeared 
him to all. 

Fred Low joined The American Society of Mechanical Engineers 
as an associate in 1886 and became a full member in 1912. A firm 
believer in the axiom, ‘‘that the value of membership in an engineer- 
ing society is in direct proportion to what the individual puts into its 
activities,’ he early took an active part in its work, serving success- 
ively upon many important committees, serving as a vice-president 
in 1918-1920, and finally being elected as its president in 1924. His 
two most outstanding contributions to the Society were in connection 
with the formation and functioning of the Power Test Codes and the 
Boiler Code, serving as chairman of committees on both until the 
time of his death. The chairmanship of these two committees re- 
quired not only technical judgment and foresight but extreme tact 
and at times firmness in dealing with conflicting opinions and per- 
sonalities. This was especially so in the work of the Boiler Code 
Committee where a single adverse vote in the final ballot on one of 
the interpretations or proposed revisions resulted in referring it back 
to the committee. His success in this work is attested by the accom- 
plishment and prestige of these codes. 

Other activities of the Society in which Mr. Low took an active 
part were: 

Formation of the Gas Power Section (the first Professional Division 

of the Society, organized in 1908) and its chairman in 1909. 

Gas Power Executive Committee, 1910-1914 

Fuels Division, Executive Committee, 1920-1923 

Professional Divisions, Standing Committee, 1923 

International Electro-Technical Commission: 
A.S.M.E. representative on U.S. National Committee, 1923-1931 
Director of Secretariat of Advisory Committee No. 5 on Steam 

Turbines, 1925-1936 

Chairman of Special Committee on Steam Turbines of U.S. National 

Committee, 1925-1936 
American Engineering Council 

A.S.M.E. delegate; served from January 1, 1923, to January 1, 

1926, resigning from the Coucil a year prior to the expiration of 
his second term because of his duties as chairman of the Boiler 
Code Committee 

Chairman of delegates during his presidency of the A.S.M.E. in 

1924 
World Power Conference, London, 1924 
President of A.S.M.E. representatives on American Committee. 


One’s achievements in any field are likely to be influenced not only 
by personal characteristics but also by early training and experience. 
Mr. Low was what may be termed a ‘self-made’? man. Born in 
Chelsea, Mass., on April 3, 1860, he left grammar school at the age of 
fourteen to become a clerk in a Western Union Telegraph office in 
Boston where he learned telegraphy and stenography. In 1880, 
after two years as a court and commercial stenographer, he went 
with the Boston Journal of Commerce as secretary to the editor, 
Thomas Pray. This paper carried a department devoted to techni- 
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cal problems of the textile-mill power plants. Mr. Low studied engi- 
neering in his spare time and became intimate with operating engi- 
neers, working with them on their problems. In 1886 he was made 
editor of the Engineering Department of the Journal. It was this 
early experience in mastering the engineering problems of that day 
and explaining them to the practical men who operated the mills that 
accounted for his unusual ability, throughout his editorial career, to 
analyze and to write in a simple, direct style. 

During this period with the Journal he married Adeline Giles, on 
September 24, 1881, whose algebraic problems he had labored over 
when she was a high-school student. He joined various engineering 
societies, made several power-plant inventions, and operated, in 
partnership with Frank M. Clark, a small company—the Clark & 
Low Machine Co.—for their exploitation. These inventions in- 
cluded an integrating steam-engine indicator, an optical indicator, an 
elevator control, a flue cleaner for vertical tubular boilers, and a ro- 
tary steam engine. 

In 1888, Mr. Low left the Journal of Commerce for New York, to 
become the fifth editor of Power. This journal had been founded 
four years earlier, to serve the needs of power engineers in the operat- 
ing field. Under Fred Low’s leadership as editor, which extended 
42 years, to 1930, the field of the magazine was broadened, without 
changing its practical approach, to serve also the needs of profes- 
sionally trained power engineers, designers, and consultants. 

From 1898 to 1906, Mr. Low published four technical books in the 
power field. In Passaic civic affairs, he was councilman (1901-1903), 
president of the council (1905-1906), and mayor (1908-1909). 

In 1930, at the age of 70, Mr. Low became editor emeritus of Power. 
He continued to reside at Passaic, with periods spent at his farm in 
New Hampshire and fishing in Florida. He still maintained some 
contact with editorial and society work, but this gradually dimin- 
ished with failing health. 

He is survived by Mrs. Low, two sons, two daughters, fourteen 
grandchildren, and two great-grandchildren. 

His deep understanding of human values and his friendly attitude 
were well expressed in a number of forewords which appeared in 
Power. A typical one, his New Year's Greeting for 1923, follows: 


HAPPY NEW YEAR 


“The old year, with all its achievements and failures, its satisfac- 
tions and disappointments, its joys and its griefs, is behind us. Its 
525,600 minutes have been spent. What have we bought with them? 
What have we to show for it? 

‘The new year lies before us, a clean, unwritten page, replete with 
possibilities. What shall the story be which it will carry into history 
when, a year from now, it is turned over—into the world’s history; 
into our life’s story, yours and mine? 

‘The real fellow is, of course, he who plays the game the best that 
he knows how all the time. If he has a bad inning or a bad hole, he 
braces up and goes after the next with all the more concentration and 
purpose, and refuses to be set back by misfortune or subdued into 
mediocrity by temporary lack of success. 

‘*Most of us, however, get to plodding even if we do not stumble, 
and we welcome a pause, a turning point in the game, a chance to 
size up the score and take a new hold on life. And we do this at 
New Year’s. Today is not different from a lot of other todays; this 
year will not be different from a lot of other years, but we are starting 
in with a clean slate and a new resolve to make the most of the year 
that is before us and so to live that as memory turns its page it will 
find transcribed thereon the most satisfying accomplishment and the 
least of sorrow and regret. 

‘‘And for each and all I hope that the coming year will be replete 
with happiness and success.”’ 


Nothing could be said that would bring out his character more 
clearly and his knowledge of the human side than what he wrote with 
his own hand, and nothing would appeal more deeply to those who 
mourn him as a loyal coworker and a true friend. 

In addition to his membership in The American Society of Me- 
chanical Engineers, Mr. Low was a member of the National Associa- 
tion of Power Engineers, the Verein deutscher Ingenieure, and the 
Newcomen Society; also, an honorary member of the British Institu- 
tion of Mechanical Engineers, the National Association of Practical 
Refrigerating Engineers, and the National Board of Boiler and Pres- 
sure Vessel Inspectors. His clubs included the Engineers’ Club of 
New York, Engineers’ Club of Boston, the Yountakah Country Club 
(Nutley, N.J.), the Plymouth (N.H.) Golf Club, and the Passaic City 
Club, of which he was past-president. In 1924 the honorary degree 
of doctor of engineering was conferred upon him by Rensselaer 
Polytechnic Institute-—[Memorial prepared by D. 8S. Jacosus, Gro. 
A. Orrox, and A. D. Biaxe, New York, N.Y., Members of the 
A.S.M.E.] 


TRACY LYON (1865-1935) 


Tracy Lyon, a member of the A.S.M.E. since 1893, died in New 
York, N.Y., on April 28, 1935. He was born at Oswego, N.Y., on 
September 13, 1865, son of James and Annie R. (Rodman) Lyon. 
His early education was secured at home under a tutor and he was 
graduated from the Massachusetts Institute of Technology in 1885 
with an S.B. degree in mechanical engineering. 

Mr. Lyon entered the employ of Armitage Herschell & Co. in the 
Tonawanda (N.Y.) engine and boiler works in September, 1886, and 
remained there until June, 1888, gaining a varied experience in de- 
sign and construction. 

A few months later he became associated with Robert Bement & 
Co., engineers and contractors of St. Paul, Minn. During six years 
spent with the firm his work dealt largely with water-works systems 
and hydraulic construction as far west as the Rockies. He was en- 
gineer in charge of the submarine laying of a large pipe in Duluth 
harbor and directed official tests of a high-duty pump. A large plant 
which he designed and constructed for the Walter A. Wood Har- 
vester Co. at St. Paul included one of the early electrically operated 
switching services on standard gage track. 

In 1894 Mr. Lyon became superintendent of motive power for the 
Chicago Great Western Railway, at St. Paul. He designed locomo- 
tives and cars and built the first electrically operated railway shop at 
Oelwein, Iowa. He became general superintendent of the road in 
1899 and assistant general manager in 1903. He left in 1906 to take 
the position of assistant to the president, Edwin M. Herr, of the 
Westinghouse Electric & Manufacturing Co. He was with the com- 
pany, in charge of all manufacturing, until 1911, during which period 
the first electric locomotives for the New Haven and Pennsylvania 
railroads were built by the company at Pittsburgh. 

Mr. Lyon entered the automotive field in 1911 as director of pro- 
duction for the General Motors Company, Detroit. In 1914 he was 
general manager for the Cricket Cycle Car Company, and from then 
until 1926 engaged in operating and management work as a consulting 
industrial engineer in Detroit and New York. Since 1926 he had 
been assistant to the president of the Chrysler Corporation, New 
York, where his ability was highly regarded. 

Mr. Lyon is survived by his widow, Frances (Gilbert) Lyon, whom 
he married in 1889, and by three children, Anne (Mrs. Sherman Post 
Haight), Laura (Mrs. Howard Calvin Sykes), and Robert Gilbert 
Lyon. 


WILLIAM WATTS MACON (1875-1935) 


William Watts Macon, former managing editor and editor-in- 
chief of The Iron Age, died at the Murray Hill Hospital, New York, 
N.Y., on January 1, 1935, following a cerebral hemorrhage. He had 
been identified with the editorial department of The Iron Age for 
23 years. 

Mr. Macon was born in New York, on May 19, 1875, the son of 
William F. and Harriet O. (Marsac) Macon, and was graduated from 
Cornell University with the degree of mechanical engineer in 1898. 
During the summer of 1897 he served an apprenticeship in the shops 
of the New York Central Railroad at West Albany, N.Y. 

While at Cornell he was editor of the Sibley Journal of Engineering 
and immediately after graduation he joined the editorial department 
of The Engineering Record, with which he remained for seven years, 
becoming associate editor. From 1905 to 1911 he was editor of Metal 
Worker. 

For some years after joining the staff of The Iron Age he was editor 
of its Engineering Department. He was managing editor from 1917 
to 1930 and editor in chief from then until 1932, when he retired 
because of illness. Since then he had been a consulting editor to the 
publication. He was also a director of the Iron Age Publishing 
Company. 

In a tribute to Mr. Macon published in The Jron Age for January 
10, 1935, A. I. Findley, editor emeritus of the publication, said in 
part: 

‘‘Trained as a mechanical engineer, Mr. Macon saw early in his 
connection with The Iron Age how his horizon could be widened by 
close study of electrical and metallurgical developments in iron and 
steel and of production and management in the great metal-working 
field. Further broadening his equipment, he took up with enthusi- 
asm the market side of the steel industry. And he was not long in 
winning a high place as an accurate reporter of market facts and a 
reliable interpreter of market trends. 

“For years he prepared the annual survey of steel production in 
the different finished forms, with makers’ estimates of the tonnages 
shipped into various channels of consumption in the 12 months. 
These figures, published just at the turn of the year, often came close 
to the official statistics compiled months later. Leading companies 
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were thus able to make use of them in planning for the year just 
ahead. 

“*Mr. Macon believed that contact with the men who were achiev- 
ing in all metal-working lines was indispensable, if this paper were to 
apply its full power to building up the country’s greatest manufactur- 
ingindustry. He was a familiar figure at conventions and a constant 
student of operations at progressive plants.” 

In addition to his writing for The Iron Age Mr. Macon was a con- 
tributor to the ‘‘Encyclopedia Britannica.’’ During the World War 
he was a member of the group of American trade paper journalists 
conducted through Great Britain and France by the British govern- 
ment. 

Mr. Macon became a junior member of the A.S.M.E. in 1903 and 
an associate of the Society in 1911. He had served twice on the 
Executive Committee of the Metropolitan Section, the first period 
terminating in his chairmanship of the committee in 1919, and the 
second in the office of secretary-treasurer in 1930. He also served on 
the Executive Committee of the Iron and Steel Division from 1926 
to 1931 and at the time of his death was an associate member of that 
committee. He had been a member of the Committee on Local Sec- 
tions since 1931, and would have been eligible for its chairmanship 
in 1936. At the time of his death he was also serving on two special 
committees of the Council—the Board of Review (Delinquent Mem- 
bers) and the Capital Goods Industries Committee—and was a repre- 
sentative of the Society on the Engineers National Relief Fund and 
the Professional Engineers Committee on Unemployment. 

Mr. Macon had also been active in the work of the American Soci- 
ety of Heating and Ventilating Engineers, of which he became a mem- 
ber in 1908, and was its secretary in 1911 and 1912. He contributed 
a number of papers to the society and gave constructive service to its 
advancement. He had belonged to the Institution of Heating and 
Ventilating Engineers of Great Britain, the Association des Ingénieurs 
de Chauffage et de Ventilation de France, and the National District 
Heating Association. 

His other society memberships included the American Iron and 
Steel Institute and the American Management Association. He was 
secretary of his college class and was active in Cornell alumni activi- 
ties, serving as treasurer of the Cornell Alumni Corporation from 1918 
to 1931 and as president in 1931 and 1932. He had also been chair- 
man of the alumni committee of the Cornell Alumni News and was 
a member and former president of the Cornell Society of Engineers 
and a former director of the Cornell Club of New York. Other clubs 

to which he belonged included the English Speaking Union and the 
Engineers Clubs in New York and Brooklyn. He was a member of 
Sigma Xi, honorary engineering fraternity, and of Sigma Delta Chi, 
honorary journalistic fraternity. 

His widow, Mrs. Maud Andruss Macon, whom he married in 1905 
at Canandaigua, N.Y., adaughter, Mrs. B.S. Cushman, and a brother, 
Charles F. Macon, survive him. 


WILLIAM THOMAS MAGRUDER (1861-1935) 


William Thomas Magruder, a member of the A.S.M.E. since 1884, 
and head of the Mechanical Engineering Department of The Ohio 
State University for almost thirty-five years, died at his home in 
Columbus, Ohio, on June 21, 1935. 

Professor Magruder was born on April 22, 1861, at Baltimore, 
Md. He was the son of William Thomas Magruder (U.S.A., C.S.A.) 
and Mary Clayton (Hamilton) Magruder, and was a descendant of 
that branch of the Clan McGreagor whose members first landed in 
Maryland about 1662. His father was a graduate of the U.S. Mili- 
tary Academy, Class of 1850. 

He was educated at St. John’s and Peekskill Academies before 
entering Stevens Institute of Technology in 1878, where he won the 
Priestley Prize in 1880. Stevens awarded him his M.E. degree in 
1881 and conferred the degree of doctor of engineering upon him 
in 1921. 

For five years following his graduation he served as draftsman and 
designer for the Campbell Printing Press & Manufacturing Co., 
Taunton, Mass., after which he returned to college, this time to Johns 
Hopkins University, for graduate study in mathematics and chem- 
istry. In 1887 he accepted the position of chief chemist of the Mt. 
Clare shops of the Baltimore & Ohio R.R., but resigned later in the 
year to become an instructor in mechanical engineering at Vanderbilt 
University. This was his first contact with what proved to be his 
major life work—engineering education. The following year (1888) 
he was advanced to adjunct professor of mechanical engineering. 
In 1896 he served as chief of machinery, Tennessee Centennial Expo- 
sition. That same year he went to Ohio State University as professor 
of mechanical engineering. He served this university for a total of 
thirty-seven years; first as chairman of the Mechanical Engineering 
Department until 1929, when he resigned the chairmanship but con- 
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tinued actively as professor in the department until he was made 
professor emeritus in 1933. He married Ellen Fall Malone of Nash- 
ville, Tenn., on June 18, 1891. His widow and two sons, William 
Thomas and Thomas Malone, survive him. 

Probably Professor Magruder’s major interest throughout most of 
his busy life centered around the problems of engineering education. 
The Mechanical Engineering Department at Ohio State University 
was comparatively young when he became its head. Its continued 
growth and development under his direction furnishes evidence of 
his ability, wisdom, and never-ending energy. His devotion to the 
welfare of his department, his self-sacrificing service, and his con- 
structive activities in its behalf were unsurpassed. 

He was one of the founders of the Society for the Promotion of Engi- 
neering Education and was an active worker in this organization from 
the time of its inception until his death. He was a councilor, 1899- 
1902 and 1907-1911, vice-president, 1905-1906, secretary, 1906-1907, 
and president, 1912-1913. 

But he also maintained a large interest in his profession of mechani- 
cal engineering. His professional contacts outside the field of educa- 
tion were kept active, largely by means of consulting work, which oc- 
cupied a not inconsiderable portion of his time until the last few years 
of his life. He was well known to a large number of the members of 
the A.S.M.E. because of the active interest he always took in the af- 
fairs of the Society. He was always willing to serve on committees, 
was for many years chairman of the Columbus Local Section, served 
on the Council and was a vice-president from 1925 to 1927. He was 
also a member of a number of other organizations, and served at one 
time or another as an officer in most of them. In the American As- 
sociation for the Advancement of Science he was secretary of Section 
D, 1899-1900 and 1902-1907. He was president of the Columbus 
Engineers’ Club, 1904-1905, president of the Ohio Society of Mechani- 
cal Engineers, 1905-1907, and councilor of the American Association 
of University Professors in 1915-1916. In 1917-1918 he was in 
charge of the Department of Engines, U.S.A. School of Military 
Aeronautics in Columbus. 

He was greatly interested in the honorary engineering fraternity, 
Tau Beta Pi, and was largely responsible for the establishment of a 
chapter at Ohio State in 1921. Most of the time since then he served 
as a member of the Advisory Council of that chapter. From 1930 
until the time of his death he was a member of the National Execu- 
tive Council of that fraternity. He was also a member of Sigma 
Xi, Beta Theta Pi, and of the Masonic order. 

Professor Magruder was a zealous member and for a large part of 
his life a lay-reader of the Protestant Episcopal Church. He served 
for many years as chairman of the Department of Religious Educa- 
tion for the Diocese of Southern Ohio of that church. Under his 
guidance this department grew from a small beginning to one which 
received unusual recognition. 

He was the author of numerous scientific papers which were pre- 
sented at meetings of societies to which he belonged or published in 
technical journals, and many papers dealing with educational prob- 
lems, most of which may be found in the Proceedings of the Society 
for the Promotion of Engineering Education. 

The present condensed biographical statement, although incom- 
plete, will serve to give some idea as to the breadth of Professor Ma- 
gruder’s interests and activities and of the untiring energy which 
made him such a valuable member of all organizations with which he 
was affiliated. But it does not give any impression of his very human 
qualities. 

He always took a great interest in people. He remembered prac- 
tically all of the men who graduated from the Mechanical Engineer- 
ing Department of The Ohio State University while he was at its 
head, and would usually call by name an old graduate who visited 
him, even if he had not seen him for many years. Students often 
came to him for advice and counsel, which he gave readily. Many 
of them obtained positions through his assistance which opened up 
opportunity for happy and useful lives. 

He was a man of high standards and ideals. When he decided upon 
a course of action in any matter, he was not easily swayed from it, but 
when on the losing side of any question he would submit to the will of 
the majority in good spirit. His qualities of ability, energy, loyalty, 
and broad interests which brought him so many honors during life 
and made him such a valuable member of the University community 
and of each organization to which he belonged will indeed cause him 
to be sorely missed by his many friends and colleagues.— [Memorial 
prepared by F. W. Marquis, Columbus, Ohio. Mem. A.S.M.E.] 


GEORGE HENRY MARR (1863-1934) 


George Henry Marr died in Waterville, Me., on October 21, 1934, 
leaving his wife, Edith Jane (Stanley) Marr, whom he married in 1890, 
and a son, Stanley Field Marr. He had held membership in the 
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A.S.M.E. since 1891, being elected a junior member in that year and 
a member in 1905. 

Mr. Marr was born at Gardiner, Me., on July 5, 1863, son of Charles 
Henry and Emma Augusta (Field) Marr. He was graduated from 
the Gardiner High School in 1882. For three years previous to gradu- 
ation he passed the greater part of his vacations in the machine 
shop or drawing room of the firm of P. C. Holmes & Co., of Gardiner, 
and devoted his spare time to the study of drawing, mechanics, and 
the elements of machinery and machine design. Following the com- 
pletion of the high-school course he was employed in the drawing 
room and machine shop of the company, working on the design and 
construction of machinery for electric-light and power plants, paper 
and pulp mills, and also dams, flumes, canals, ete., for manufacturing 
plants. He was made engineer and superintendent of the company 
in 1886 and continued in that position for ten years. 

From 1896 to 1900 Mr. Marr was connected with the Stillwell- 
Bierce & Smith-Vaile Company of Dayton, Ohio, his duties including 
the survey, design, and construction of hydroelectric power plants 
and general mill work. During the last year of this period he was 
New England agent for the company, with headquarters at Boston. 

From 1900 until his retirement thirty-three years later, Mr. Marr 
was mechanical engineer for the Hollingsworth & Whitney Co., of 
Waterville. He designed and superintended the construction of 
paper and pulp mills, power plants, and equipment. He patented a 
pneumatic diaphragm pulp machine. 

Mr. Marr was also interested in natural science. He was a mem- 
ber of the American Microscopical Society and the Cambridge En- 
tomological Society. 

He served as secretary of the Waterville Rotary Club for ten years, 
was secretary of the Waterville Historical Society, and member of the 
City Planning Board, and trustee and secretary of the Public Li- 
brary. 


BENJAMIN MOODIE MAYNARD (1880-1934) 


Benjamin Moodie Maynard was born at Roxbury, Boston, Mass., 
on December 20, 1880, the son of Benjamin and Mary Teresa (Dolan) 
Maynard. He attended the Roxbury Latin School and was gradu- 
ated from Harvard University in 1904 with an A.B. degree. 

After six years of what he referred to as ‘‘investigation work” for 
the Cabot Manufacturing Company, Remington Typewriter Com- 
pany, and others, he became connected in 1910 with Miller, Franklin, 
Basset & Co., New York. He held the position of junior engineer for 
a year and a half and that of senior engineer for an equal period of 
time. He was then advanced to the position of supervising engineer, 
directing and planning installation work of a group of senior engineers. 

From 1917 until he left the firm in 1925 Mr. Maynard had full 
charge of all of its industrial engineering work. This entailed the 
training and supervision of a large group of engineers engaged in this 
work and full responsibility for the methodsused. He originated and 
developed the theory and practice of time-study technique used by the 
firm and originated several phases of production planning, notably 
the solution of the problem of ‘‘when to start’’ an order or lot. He 
installed or supervised the installation of costs, preduction-planning, 
wage-incentive, time-study, and other methods in hundreds of plants, 
and laid out and in some cases specified mechanical and tool equip- 
ment in many shops. 

Shortly before he left the firm the following tribute by William R. 
Basset, then head of the organization, was printed in ‘‘The Sphinx 
Talks,’’ published by the company. 

“From the sublime to the ridiculous—or so it seems. From work 
which took him amid thousands of whirring spindles, humming ma- 
chine tools, and ponderous paper machines, he has turned to baking 
cake! 

‘‘Benjamin Moodie Maynard came with us in 1910, possessed of a 
Harvard education, six years’ experience as a lace salesman, an easy 
personality, and a fund of common sense. 

‘‘Few men possess a more diversified business experience. We are 
printing herewith the names of the companies for whom he worked in 
our behalf. The list is probably not complete. It has already been 
twice revised to include names we had forgotten. In some cases 
he spent months in the factories and offices named—though, in the 
later years, he was used largely upon the briefer investigations and in 
performing the periodic supervision given all our field men. 

‘‘Several years ago he planned and financed a small company which 
undertook to bake cake for distribution to grocers, lunchrooms, and 
others. His wide experience made success a foregone conclusion. 
His rapidly growing cake bakeries—there are five already, and there 
will be more—demand almost all of his time. Therefore he is gradu- 
ally withdrawing and is planning to complete his withdrawal before 
1926 is ushered in. 

‘‘We will miss him. We already do miss him.” 
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The list of companies referred to by Mr. Basset cannot be repro- 
duced here, but it shows a wide diversity in the size and production 
of the plants which Mr. Maynard served. 

Mr. Maynard died suddenly on April 14, 1934, while on his way 
to New York from his home in Old Greenwich, Conn. He is survived 
by his widow, Angelica (Dampf) Maynard, and by two children, 
Mary and Jane. 

He had been a member of the A.S.M.E. since 1921. 


JOHN BOYLSTON MAYO (1859-1934) 


John Boylston Mayo, retired, a resident of East Orange, N.J., 
died of heart disease at the Homeopathic Hospital there on Novem- 
ber 29, 1934, shortly after his seventy-fifth birthday. A son of John 
Stratton and Olive Vining (Vinton) Mayo, he was born on November 
25, 1859, at Worcester, Mass., and secured his education in the public 
schools of that city. 

He served an apprenticeship as carpenter, millwright, and pattern- 
maker with the Washburn & Moen Mfg. Co., Worcester, from 1877 
to 1882, and during the next four years was engaged in patternmaking 
for that company, the Holyoke Machine Company, Morgen Spring 
Company, and the Pond Machine Company, Worcester. He then 
went to Anniston, Ala., where he was employed for three years as 
draftsman and superintendent of construction of blast furnaces for 
the Woodstock Iron Company. 

He returned to New England in 1889, and was employed as a 
draftsman first by the Whittier Machine Company of Boston, and 
then by the Yale & Towne Manufacturing Co., Stamford, Conn. 
Subsequently he went to New York to work for the Link-Belt Engi- 
neering Company and to Chicago where he was employed by the 
Crane Elevator Company. He returned to New York to take a posi- 
tion as draftsman with Otis Brothers & Co., where he was working 
when he joined the A.S.M.E. in 1892. Two years later he was chief 
draftsman for the Crocker-Wheeler Electric Manufacturing Com- 
pany, Ampere, N.J., and later he served that company as checker. 
Other companies for which he worked as chief draftsman or checker 
were the Coe Brass Manufacturing Company, Torrington, Conn., 
Alpha (N.J.) Portland Cement Company, Texas Portland Cement 
Company, Cement, Tex., New London Ship & Engine Co., Groton, 
Conn., Southwark Foundry & Machine Co., Philadelphia, Pa., and 
Public Service Production Company, Newark, N.J. He was a fre- 
quent contributor to engineering periodicals and belonged to the 
Masonic fraternity. 

Mr. Mayo was twice married, his first wife being Margaret Atkin, 
whom he married in 1895, and who died in 1913, and the second, Ida 
Kenny, whose death occurred in 1918, three years after their marriage. 
He is survived by two sons, John B., Jr., and Albert R. Mayo. 


GEORGE FREDERICK McCLELLAN (1873-1934) 


George Frederick McClellan was born at Newark, N.J., on October 
21, 1873, his parents being George F. and Julia Beulah McClellan. 
He supplemented his early schooling with special work at Stevens 
Institute of Technology and correspondence-school courses. 

After some time with the Crocker-Wheeler Electric Manufacturing 
Company, Ampere, N.J., Mr. McClellan was chief engineer from 1900 
to 1905 for the Weston Electrical Instrument Company, Newark. 
He then became master mechanic for the Public Service Railway Com- 
pany, Newark, where he remained until 1911. During the next two 
years he was works engineer for the Whitehead & Hoag Co., Newark, 
for whom he designed special machinery for the manufacture of 
novelties and had general charge of all machinery, power transmis- 
sion, and buildings. 

In 1913-1914 Mr. McClellan was engaged in the reorganization of 
the operating force and the supervision of installing new units and 
repairing existing machinery for the Lakewood & Coast Electric 
Co., Lakewood, N.J. The following year was devoted to general 
engineering work under his own name, specializing in power-plant 
efficiency. This led to the position of chief engineer for the Hyatt 
Roller Bearing Company, Harrison, N.J., where he regnained two 
years. 

When Mr. McClellan became a member of the A.S.M.E. in 1918 
he had but recently become inspecting engineer of public utility 
properties for Henry L. Doherty & Co., New York, the position in 
which he continued until his death on September 17, 1934. He also 
carried on exhaustive studies in transportation for that company. 

Mr. McClellan was a member of the National Guard of the State 
of New York, was a licensed professional engineer in that state, and 
had been a member of the National Electric Light Association. He 
also belonged to the Masonic fraternity. He is survived by his second 
wife, Sarah May (Richter) McClellan, whom he married in 1926, 
and by seven daughters by a previous marriage. 
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JOSEPH ALOYSIUS McELROY (1859-1934) 


Joseph Aloysius McElroy, treasurer of the construction engineering 
firm of McElroy & Kerwin, New York, N.Y., though not active in 
the business for some years, died at the hospital in Norwalk, Conn., 
where he made his home, on April 28, 1934, after a brief illness. Prior 
to his virtual retirement at the close of the World War he had become 
a leading engineer in street-railway construction in various parts of 
the world. 

Mr. McElroy was born in Bridgeport, Conn., on March 20, 1859, 
the son of Charles and Margaret McElroy. Circumstances necessi- 
tated his going to work after he had left public school. He served an 
apprenticeship as a machinist at the Coulter & McKenzie Machine 
Co., Bridgeport, Conn., from June, 1877, to June, 1880, and during 
the following three years worked as a journeyman in Providence, 
R.I., and Boston, Mass., about a year of the time with Brown & 
Sharpe, in the former city, and the remainder with the Boston Ma- 
chine Company, Waltham Watch Company, Asheroft Steam Gauge 
Company, and Boston Sewing Machine Company. During these 
years he studied nights to prepare himself for college, and in 1887 
he was graduated from Stevens Institute of Technology with a me- 
chanical engineering degree. 

After Mr. McElroy completed college his first position was with the 
United Gas Improvement Company, of Philadelphia, Pa., and in 
their interests he went to Omaha, Neb., as assistant superintendent of 
gas works. In 1888 he went to Cuba as engineer for J. Rigney & Co., 
on a sugar estate. The following year he returned, and for a time 
was superintendent of the machine shop and foundry for Charles 
Reed, of Danbury, Conn., manufacturer of hatter’s machinery. In 
1890 he entered the employ of the Field Engineering Company, New 
York, N.Y., and for several years was in charge of its construction 
work in western New York. He then became associated with Thomas 
Murray, New York, and engaged in street-railway construction in 
Bridgeport and in New Jersey. 

Mr. McElroy became greatly interested in this line of work and 
formed a partnership with John F. McCartney under the firm name 
of McCartney and McElroy for contracts in that field. The firm 
built lines in Hamilton, Ontario, Highland Falls, N.Y., and from 
Hoosick Falls, N.Y., to Bennington, Vt. After a few years Mr. Mc- 
Cartney went abroad to investigate the possibility of contracts there. 
He secured one in Glasgow, Scotland, and Mr. McElroy soon joined 
him in London, where they incorporated a company under the name 
of McCartney, McElroy & Co., Ltd., with London as headquarters. 
Mr. McElroy remained abroad for about ten years, personally super- 
vising construction of the first electric tramways in Glasgow and Man- 
chester, England, and in Lisbon, Portugal. He also had charge of 
construction of the first street railways in Aberdeen, Scotland; 
Brighton and Stockport, England; Durban and Port Elizabeth, South 
Africa; Wellington, New Zealand; and on the Island of Malta. The 
company also owned and operated the train and freight-elevator sys- 
tem at Malta for a few years. 

After his return to the United States Mr. McElroy located in Nor- 
walk, where he secured paving contracts. He built a home there and 
organized the Empire Construction Company. Much of the work 
carried out by this company was in New York, and included the 
tracks for the Lexington Avenue subway from Woodlawn to 38th 
Street and extensions to the Liberty Avenue and Myrtle Avenue lines 
of the Brooklyn Elevated Company, now part of the Brooklyn-Man- 
hattan Transit system. The present firm of McElroy & Kerwin was 
organized shortly after the World War, but as already stated, Mr. 
McElroy’s connection with it was chiefly as treasurer. 

Much of his time during recent years had been given by Mr. Mc- 
Elroy to community interests in Norwalk. He was named a member 
of a committee to let contracts for a sewage disposal plant there and 
during the construction of the plant served on a special supervising 
committee. He was subsequently named a member of the Sewage 
Disposal Commission, on which he served until within a few months 
of his death. He also served as chairman of the Board of Directors 
of the Norwalk Public Library. He was a trustee of the Knights of 
Columbus and a member of the Holy Name Society of St. Mary’s 
Church, in Norwalk. He had been a member of the A.S.M.E. since 
1895. 

Mr. McElroy is survived by his widow, Alice (Dial) McElroy, and 
by three children, Wilber J., Paul C., and Alice E. McElroy. 


WALTER MARTIN McFARLAND (1859-1935) 


Captain Walter Martin McFarland, past vice-president of the 
A.S.M.E. and past-president of the Society of Naval Architects and 
Marine Engineers, died at his home in Washington, D.C., on March 
4, 1935. 

Captain McFarland was born in Washington on August 5, 1859, 
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the son of John and Sarah J. (Slater) McFarland. He attended the 
public grammar schools of Washington and was graduated at the 
head of hisclass. After winning a Kendall Scholarship in competitive 
examination, he entered the Columbian University Preparatory 
School in Washington. He attended this school only one year as he 
won, also by competitive examination, an appointment to the Naval 
Academy in 1875 as a cadet engineer. He was graduated in 1879, 
standing second in his class. 

Following graduation he was detailed for several months on the 
practice tug Standish, after which, from October, 1879, to November, 
1881, he served at sea in American and European waters as a junior 
engineer on board the U.S.S. Nipsic and the cruiser frigate Trenton. 
During the early part of 1882 he was on special duty in the drafting 
room of the Bureau of Steam Engineering. He was then promoted 
to assistant engineer and detailed to the U.S.S. Michigan, later 
known as the Wolverine, where he served on the Great Lakes until 
1883. 

In June, 1883, he was detailed to Cornell University, where he 
served as assistant professor of mechanical engineering until 1885. 
His success there was so great that the president of Cornell, Andrew 
J. White, requested the Navy Department to extend his detail. 
This, however, was not granted, and he was ordered to inspection 
duty at the Morgan Iron Works for a year. From 1886 to Novem- 
ber, 1888, he was detailed to sea duty and served in Pacific waters 
on the U.S.S. Vandalia. This sea duty left a lasting impression on 
young McFarland and formed the background for many of the stories 
and anecdotes for which he was noted. 

In December, 1889, he was detailed to the Bureau of Steam Engi- 
neering as one of the assistants to the engineer-in-chief, Admiral 
George W. Melville. Ever alert to surround himself with bright 
young men, Admiral Melville noticed that McFarland possessed tact 
and the ability to make quick decisions tempered with sound judg- 
ment. This discovery resulted in his being made confidential assist- 
ant to Admiral Melville and he acted as personal representative of 
Admiral Melville on many important missions. 

In 1889, while attached to the Bureau, he took an active part in 
the organization of the American Society of Naval Engineers and in 
April, 1890, was elected secretary-treasurer of that society and editor 
of its journal. From the inception of that journal he contributed 
many articles of technical value. His published methods of speed 
determination by the number of revolutions of the propeller were 
among his greatest contributions to marine engineering at this stage 
of his career. 

He served as secretary of the Division of Marine and Naval Engi- 
neering and Naval Architecture at the International Engineering 
Congress which met at the World’s Columbian Exposition at Chi- 
cago in 1893. This Congress was attended by representatives and 
delegates from the technical societies in England, France, Germany, 
Italy, Japan, Spain, and Norway. As a result of his work this Con- 
gress publicly commended him for his alert mind, ability, and person- 
ality. At this time he won the admiration and respect of some of the 
outstanding delegates from these countries which resulted in life- 
long friendships. 

In September, 1891, he was promoted to past assistant engineer 
and continued to serve as confidential assistant to Admiral Melville 
until 1894. After being detached from the Bureau of Steam Engi- 
neering he delivered a series of five lectures on marine engineering at 
the Naval War College at Newport before reporting for sea duty on 
the U.S.S. San Francisco. He served on this ship in European waters 
until July, 1897. In the summer of 1897 he represented the United 
States Navy Department at the International Congress of Naval 
Architects and Marine Engineers held at London, England. 

He was then detailed again to the Bureau of Steam Engineering 
and served as assistant to Admiral Melville until July, 1899. While 
serving at the Bureau he was, in 1898, promoted to chief engineer. 

When he reported at the Bureau of Steam Engineering in 1897 the 
old controversy between the Line and the Engineer Corps of the 
Navy was a subject of special consideration. Up to this time conflict 
had been waged between these two branches of the Service for many 
years. Engineer cadets, upon graduation from the United States 
Naval Academy, were not given military rating. They were merely 
commissioned engineers who were without power to command en- 
listed men. 

In writing on this subject at the time, Admiral Melville said: 

‘Under a naval organization which was based on the needs of days 
when steam was only an auxiliary, but which has continued to the 
present, it could not be otherwise than that the varying interests of 
Line and Engineer officers, with their widely distant points of view, 
should produce the conflict which has been waged between these 
branches of our Navy for more than thirty years. Discord was in- 
evitable—the friction between the old order, fated to pass away, 
and the engineer, who, in great degree, represented that which was 
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to succeed it. The Line officer, justly proud of the past achievement 
of his corps, was disposed to yield none of his military functions to 
the newcomer; while the Engineer, trained in the same naval school 
and side by side with his brother of the Line, could not but see injus- 
tice in a system which gave him a vast responsibility in the care of the 
machinery of all types on the modern man-of-war, with the control, 
in some cases, of half her crew, and yet refused him the right to com- 
mand enlisted men, classed him, despite his equal danger in action, 
as a noncombatant, and denied him the military title which, through 
centuries, has been associated with the fighting man. 

‘Many able and patriotic men, within and without the Navy, 
recognizing the danger to a military service whose house was thus di- 
vided against itself, have, time and again, made efforts, until recently 
in vain, to find a solution of the problem which would reconcile all 
differences." 

In November, 1897, Secretary of the Navy Long appointed a Per- 
sonnel Board to straighten out the friction between the two Corps. 
Theodore Roosevelt, who was then Assistant Secretary of the Navy, 
was the presiding officer of this Board, which consisted of the follow- 
ing: Line Officers Crownshield, Evans, Hemphill, Key, McCor- 
mick, Sampson, and Wainwright, and Engineers Kearney, McFar- 
land, Melville, and Rae. 

The engineers demanded three things: First, the right to exercise 
military command over men in the Engineering Department; second, 
the legal right to command any enlisted man; third, an engineering 
rank coupled with a real, not relative, military title to prevent con- 
fusion with the Line officers. 

At the first meeting of the Board, Rear-Admiral, then Captain, 
Robley D. Evans, suggested that the Line and Engineer Corps be 
amalgamated. 

Past Assistant Engineer McFarland, who had the honor of acting 
as the sole sponsor for the younger men of his Corps, was from the first 
one of the most active and efficient supporters of the amalgamation 
scheme He wasa fluent speaker and, in spite of his junior years, did 
most of the talking for the engineers. At the close of the first day’s 
conference where the amalgamation scheme had been proposed, the 
Chairman of the Board, Assistant Secretary Roosevelt, asked Engi- 
neer McFarland to remain. In the course of their conversation, Mr. 
Roosevelt said: ‘‘I am in sympathy with the claims of your side but 
unfortunately there is no precedent.’’ To this McFarland replied: 
‘*Mr. Secretary, you probably remember how, in the play of Madame 
Sans Gene, one scene shows an evening in Napoleon’s court where 
conversation turned on ancestry and descent, and he was asked: 
‘Who was your ancestor?’ Napoleon touched his breast and replied: 
‘I am the ancestor.’ Mr. Secretary, we will make the precedent.”’ 
Anyone knowing Mr. Roosevelt’s love for establishing precedents can 
well imagine the impression McFarland's remark made on the then 
future President. 

It is interesting to note the statement made by this Board in re- 
porting favorably on the amalgamation proposal: 

“Every officer on a modern war vessel in reality has to be an engi- 
neer whether he wants to or not. Everything on such a vessel goes 
by machinery and every officer whether dealing with turrets or the 
engine room has to do engineer’s work. 

“In making this change we are not making a revolution; we are 
merely recognizing and giving shape to an evolution, which has come 
slowly, but surely and naturally; and we propose to reorganize the 
Navy along the lines indicated by the course of the evolution itself.” 

During the hearings on the bill before the Naval Affairs Committee, 
Engineer McFarland proved a powerful advocate of the measure. 
His alertness of mind, his courage, and his knowledge of all phases of 
the subject were important factors in obtaining the bill’s approval 
by the Committee and drew from the Chairman of the Committee the 
comment that, ‘‘He was the best posted man that they had ever ex- 
amined.” 

The Personnel Bill was enacted by Congress in 1899 and the engi- 
neers obtained military rank. The precedent for military rank, which 
all the corps in the Navy now have, was thus established. 

During his work at the Bureau of Steam Engineering under Ad- 
miral Melville, Chief Engineer McFarland’s duties brought him in 
contact with many prominent men, such as George Westinghouse. 
Like Admiral Melville, Mr. Westinghouse was attracted to Captain 
McFarland and the outcome was an offer of a vice-presidency with 
the Westinghouse Electric & Manufacturing Co. He accepted this 
position and resigned from the Navy, effective July 5, 1899. In com- 
menting.on the loss of his services, Admiral Melville said: ‘‘While 
I cannot but congratulate my good friend George Westinghouse, whose 
name is a synonym for engineering genius and business enterprise, 
on McFarland’s entrance into his official corps, I cannot but regret 
the loss to the fleet of one of its brightest men and to myself of a 
most talented and loyal assistant.’’ 

Captain McFarland remained in the employ of the Westinghouse 
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Electric & Manufacturing Co. until 1910, when he resigned to be- 
come manager of the Marine Department of The Babcock & Wilcox 
Co., thus reentering the field of steam engineering for which he had 
earlier shown great aptitude and attachment. 

A news item in Electrical World for March 31, 1910, gives the fol- 
lowing résumé of his ten years as vice-president of the Westinghouse 
Electric & Manufacturing Co. 

“He has had official supervision of the large contracts of the com- 
pany, as well as being the advisory head in all the cooperative move- 
ments of the company with the associated Westinghouse Companies 
involving literature, advertising, and exhibition work. As a frequent 
representative of the Westinghouse Companies at important meet- 
ings of engineering societies and at conventions, he is well known, and 
has long been looked upon, by his company at Pittsburgh, as the 
official host. In the latter capacity he has come into contact with 
many distinguished engineers and other guests from all parts of the 
world. His broad experience in engineering matters in general, 
attained through his previous work in the United States Navy, and 
his pe,sonal acquaintance with men of public affairs, entirely fitted 
him for duties of this character. In his connection with the Westing- 
house Electric & Manufacturing Co. he has done much to systematize 
and improve the work of the departments with which he has come 
into contact and has, through his personal qualities, won the con- 
fidence and respect of the large number of employees looking to him 
for guidance and direction.” 

During his services with The Babcock & Wilcox Co., he cooperated 
in the development of marine boilers and particularly in the utilization 
of higher pressures and temperatures. Oil-burning apparatus, which 
so revolutionized boiler operation in the Navy, was developed and 
perfected during this time. Under his management, the company 
built the greater part of the boilers installed in United States naval 
and merchant vessels during the World War. 

Captain McFarland retired from active service on September 1, 
1931, on account of poor health. He then took up his residence in 
Washington, D.C., his old home, where he lived until his death. 

Shortly before his retirement, Captain McFarland’s own wide store 
of common sense and his unusual ability to draw conflicting ideas and 
interests together resulted in his unanimous choice for the chairman- 
ship of the Committee to Coordinate Marine Boiler Rules. The work 
of this committee is of far-reaching importance and is one of the most 
outstanding contributions to marine engineering of recent times. 

At the suggestion of Secretary Lamont, at that time Secretary of 
Commerce, this committee was organized on December 27, 1929, for 
the purpose of coordinating the Boiler Code Rules adopted as stand- 
ard by the American Marine Standards Committee and those tenta- 
tively promulgated by the Steamboat Inspection Service. The com- 
mittee was formed by requesting The Society of Naval Architects and 
Marine Engineers, the American Bureau of Shipping, the National 
Council of American Shipbuilders, the Steamboat Inspection Service, 
The American Society of Mechanical Engineers, the American Steam- 
ship Owners’ Association, and the American Marine Standards Com- 
mittee to appoint representatives on the committee. All responded 
by appointing a representative on the committee, which was later 
known as the Committee to Coordinate Marine Boiler Rules. 

After the formation of the committee it was agreed that an outside 
man should be appointed as chairman. The unanimous choice fell 
on Captain McFarland. He was an ideal chairman, his attitude in 
conducting the meetings being well expressed in a preamble which he 
prepared for the report of the committee, a paragraph of which read 
as follows: 

“A guiding principle from the beginning has been that the code 
should represent the unanimous opinion of the committee. In other 
words, if differences of opinion arose, they were to be smoothed out 
and settled by unanimous vote. With great satisfaction the com- 
mittee can assert that this has been accomplished.” 

Captain McFarland became a member of the A.S.M.E. in 1883. 
In addition to his term as a vice-president in 1905-1907 he served on 
several committees of the Society, including the Nominating Com- 
mittee (1909), Library Committee (1911-1919), and Special Com- 
mittee on Flanges (1911-1914). 

He became a member of the Society of Naval Architects and Ma- 
rine Engineers in 1893, the year it was founded. He was elected a 
member of its council in 1897, a vice-president in 1918, and president 
for the years 1922-1924. In 1927 he was made an honorary member 
of the society. ; 

In April, 1913, Captain McFarland was elected a trustee of Webb 
Institute of Naval Architecture. His previous experience at Cornell 
University caused his appointment on the Education Committee. 
A few years later he was elected chairman of the Committee. Upon 
the resignation of the vice-president of Webb Institute in 1917, he 
was elected to serve in that position as well as chairman of the Educa- 
tion Committee. Upon the death of Mr. Stevenson Taylor in 1926, 
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Captain McFarland was elected president of Webb Institute, which 
office he held until his retirement in 1931, when he was made president 
emeritus. 

During his lifetime, Captain McFarland achieved many honors 
and had an unusually wide circle of warm friends. He was particu- 
larly considerate of younger men, to whom he was an inspiration. 

Until the time of his death, he took a keen interest in all matters 
concerning shipbuilding, engineering, and the Navy. In 1928 he 
served as a member of the Board of Visitors of the Naval Academy 
and later was president of the Naval Academy Graduates Association 
of New York. For many years he was most active in the Engineers’ 
Club of New York. 

He found time to write many articles for technical journals and to 
lecture on engineering and economics subjects at Columbia Univer- 
sity, Cornell University, Johns Hopkins University, and the Post- 
graduate School of the United States Naval Academy. He was 
particularly noted for his unusual gift of common sense and this with 
his technical ability and remarkable memory as well as his facility 
in the expression of keen, clear, and vigorous English were well exem- 
plified in his lectures and writings. 

The death of Captain McFarland is a great personal loss to his 
life-long friends and associates and a great loss to the societies which 
he served so devotedly with ability and distinction. His long record 
of a useful and distinguished life, specially marked by regard for his 
fellow men and devotion to their interests, will serve as an example to 
those who knew him and his memory will be cherished by all of those 
who had the good fortune to be numbered among his friends.—[Based 
on a memorial prepared by J. H. Kinc, Manager of the Marine De- 
partment of The Babcock & Wilcox Co., New York, N.Y., for the 
Society of Naval Architects and Marine Engineers. | 


MAINOR STUART MELVILLE (1883-1935) 


Mainor Stuart Melville, works manager for the Benedict Manu- 
facturing Company at East Syracuse, N.Y., died suddenly at his 
home in Dewitt, N.Y., on April 25, 1935. His widow, Beatrice 
(Giltner) Melville, and two sons, Thomas and John Stuart Melville, 
survive him. 

Mr. Melville was born at Ballston Spa., N.Y., on August 19, 1883, 
son of Thomas and Martha (Benedict) Melville. He attended Ohio 
Northern University for a year and was graduated from Cornell Uni- 
versity with an M.E. degree in 1912. He was connected with the 
Benedict Manufacturing Company from that time until 1919, for the 
first two years in the Cost Department, and during the remainder of 
the time in charge of the Engineering and Cost Departments. The 
company manufactures silverware and the engineering work involved 
was in connection with the design and application of new equipment 
for that purpose. 

From 1919 until the spring of 1931, Mr. Melville was with the 
Oneida Community, Ltd., Oneida, N.Y., for two years as mechanical 
engineer engaged in research and engineering in connection with the 
development of new machines for the silverware business, then in 
charge of the Engineering and Power Departments, designing and 
developing new machinery, and beginning in 1926, in the capacity of 
advisory engineer for the firm. He had been works manager of the 
Benedict Manufacturing Company since May 1, 1931. 

Mr. Melville became a member of the A.S.M.E. in 1928, and be- 
longed to the Technology and Citizens clubs in Syracuse. 


ALBERT SIDN®. MERRILL (1878-1935) 

Albert Sidney Merrill wo> } ucn in Auburn, Me., on July 3, 1878, 
the son of Frank P. and Eli:..veth (Ring) Merrill. After graduation 
from the high school at Malden, Mass., where the family moved when 
he was about ten years old, he entered the Massachusetts Institute 
of Technology. He was graduated in 1900 with an S.B. degree and 
during the following year was an assistant in mechanical engineering 
at the Institute. He was engaged in field and office work for the 
Massachusetts Highway Commission in the summer of 1901, and 
then went to Madison, Wis., to serve as instructor in mechanical 
engineering at the University of Wisconsin. He taught there two 
years, spending the intervening summer vacation as draftsman at the 
McCormick Works, in Chicago, of the International Harvester Com- 
pany. 

At the close of the school year in 1903 Mr. Merrill went to Washing- 
ton, D.C., to take the position of assistant physicist at the Bureau of 
Standards, in charge of the Materials Section. He was there until 
May, 1906. From then until 1910 Mr. Merrill was located in Chi- 
cago. He was an instructor in mechanical engineering in the evening 
school at Lewis Institute during the entire period, and also, from 1906 
to 1908, salesman for the Sullivan Machinery Company, and from 
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1908 to 1910, assistant inspecting engineer for the Universal Port- 
land Cement Company. 

In the fall of 1910 Mr. Merrill joined the faculty of Lafayette Col- 
lege, at Easton, Pa., as instructor in civil engineering, in charge of the 
Materials Testing Laboratory and classes in applied mechanics, 
mechanics of materials, and reinforced concrete. Two years later 
he again took up the dual role of teaching and commercial work, being 
instructor in civil engineering at the Cooper Union Evening School, 
New York, and assistant to the chief engineer of the Turner Construc- 
tion Company. He resigned the former connection early in 1914 but 
continued with the Turner company until the United States entered 
the World War. 

He was commissioned a first lieutenant in December, 1917, and 
was assigned to the Inspection Division of the Ordnance Department 
and detailed for duty at a munitions plant in Toronto, Canada. He 
was discharged from service in November, 1919. 

Following his release from the Ordnance Department Mr. Merrill 
took a position as consulting concrete engineer at the Bureau of Stand- 
ards. Toward the end of 1920 he became a member of the engineering 
organization of the Westinghouse Lamp Company at Bloomfield, 
N.J. He was tran¢ferred to the Belleville, N.J., plant of the company 
in November, 1923, and served as office manager there until his re- 
tirement from business in July, 1926. 

Since his retirement Mr. Merrill had been greatly interested in 
antiques and in compiling genealogical records. He had data nearly 
complete for a genealogy of the Ring family. 

He died at his home in Auburn on March 31, 1935. He is survived 
by his widow, Amy Attwood (Wilder) Merrill, whom he married in 
1930, and by a step-daughter and a step-son, Venetia and William 
A. Wilder, of Auburn. 

Mr. Merrill became a junior member of the A.S.M.E. in 1903 and 
a member in 1914. He belonged to the Phi Gamma Delta fraternity 
and to the Universalist Church in Auburn. 


JOHN ADAM MILLER (1871-1934) 


John Adam Miller was born at Ossining, N.Y., on August 11, 1871, 
son of William and Margaret (Griffiths) Miller. He attended the 
Ossining public schools, served an apprenticeship in the plumbing 
trade from 1886 to 1890, and studied mechanical drawing at 
Cooper Union in 1888-1889. After some years as journeyman and 
foreman in heating and plumbing work he became a senior partner, 
in 1899, of Miller Bros., Tarrytown, N.Y., where he remained until 
1916, specializing in sheet-metal work. 

From 1916 to 1920 Mr. Miller was connected with the Efficiency 
Department of the Chevrolet Motor Company, specializing in the 
design, construction, and erection of ovens, conveyors, and equip- 
ment used in auto-assembly plants and supervising installations in 
St. Louis, Mo., Muncie, Ind., Flint, Mich., and other cities. He 
was in charge of the department in 1919-1920. 

In 1920 Mr. Miller became president of C.M.S., Inc., of Tarrytown, 
the name of which was changed to Miller-Somes, Inc., in 1931. He 
served in this capacity and as treasurer of the company until his death 
on December 3, 1934. The company handles the design, construction, 
and erection of equipment for auto-assembly plants, including elec- 
trically heated painting and enameling ovens, and manufactures 
portable electric heaters. 

Mr. Miller became a member of the A.S.M.E. in 1922, and belonged 
to the Odd Fellows. He married Miss Adelaide Dowling in 1916 and 
is survived by her and by four children, William, James, Robert, and 
Margaret Miller. 


FRANKLIN MOELLER (1865-1935) 


Franklin Moeller, manager of the New York office of The Wellman 
Engineering Company, died at Stroudsburg, Pa., on February 23, 
1935, as the result of an automobile accident. He was born in New 
York on April 12, 1865, son of Peter W. Moeller, principal of the 
Moeller Institute, a school for boys. He attended the United States 
Naval Academy at Annapolis for a year and a half, then entered the 
Stevens Institute of Technology, from which he was graduated in 
1887. He ranked high in his studies and although he missed some of 
the extra curricular activities because he lived in New York, he was a 
favorite of the class, known affectionately by the nickname ‘‘Maud,”’ 
which he had brought with him from Annapolis. 

Following his graduation, Mr. Moeller worked for short periods for 
Johnson & Morris, steam heating engineers of New York, and for the 
Welsbach Incandescent Gas Light Company, New York, as an as- 
sistant engineer. He then became a draftsman for the Ingersoll- 


Sargent Rock Drill Company, New York, with whom he worked until 
1890. 


At that time he entered the employ of the Webster Camp & Lane 
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Machine Co., Akron, Ohio, as a draftsman. Later he became chief 
draftsman and assistant to the general manager. In 1894 he went to 
Providence, R.I., to serve as mechanical engineer for the William A. 
Harris Steam Engine Co. and in 1896 to Brooklyn as designer for the 
Guild & Garrison Steam Pump Works. He then returned to Web- 
ster Camp & Lane Machine Co. in Akron. In 1903 the company was 
consolidated with The Wellman-Seaver-Morgan Engineering Com- 
pany of Cleveland, Ohio, through the incorporation of the two com- 
panies under the new name of The Wellman-Seaver-Morgan Com- 
pany, and Mr. Moeller then went to Cleveland with the new company. 

A few years later he became engineer in charge of the Mining Ma- 
chinery Department, and contributed much to the development of 
both the large steam-driven and electric-driven mine hoists, and other 
mining machinery built by this company. 

In 1917 he was made manager of the Foreign Sales Department 
and continued in this position until April 15, 1925, when he was 
transferred to New York as the manager of the office of The Well- 
man-Seaver-Morgan Company (the name of the company was 
changed in 1930 to The Wellman Engineering Company), in which 
position he continued until his death. 

Mr. Moeller became a junior member of the A.6.M.E. in 1891 and 
a member in 1912. He also belonged to the American Institute of 
Mining and Metallurgical Engineers, the Cleveland Engineering 
Society, the Engineers’ Club of New York, and the Society of Ter- 
minal Engineers, of which he was a recent vice-president. 

In 1894 Mr. Moeller married Isabelle W. Beck, of New York, who 
died in 1928. They are survived by a son, William A. Moeller, and 
by two daughters, Mrs. Sheldon K. Towson and Mrs. Edwin D. 
Veldran, of Oradell, N.J. 


WILLIAM OTIS MOODY (1868-1934) 


William Otis Moody, mechanical engineer for the Illinois Central 
Railroad Company, died at his home in La Grange, IIl., on Decem- 
ber 25, 1934. 

Mr. Moody was born in Chicago, IIl., on January 12, 1868, son 
of Andrew and Sarah (Clark) Moody. After being graduated from 
the Chicago Manual Training School, he began work as stationary 
engineer for the St. Francis (Arkansas) Lumber Company. Between 
1890 and 1893 he served an apprenticeship as a machinist at the 
Weldon Shops of the Illinois Central Railroad and worked for a time 
on the construction of steel passenger cars. In 1893, during the 
World’s Fair (Columbian Exposition) at Chicago, he was with the 
Root Porative Pressure Blower Company. He also worked for a time 
as draftsman for Fairbanks, Morse & Co. 

From 1894 to 1896 Mr. Moody was engine designer for the Gates 
Iron Works, Chicago, and since then had been connected with the 
Illinois Central system. He was appointed chief draftsman in May, 
1896, and ten years later was made mechanical engineer, the posi- 
tion he had since held. 

Mr. Moody became a member of the A.S.M.E. in 1907. He was 
also a director of the Railway and Locomotive Historical Society of 
Boston, Mass., and a member of the Masonic fraternity. He was 
particularly devoted to tennis and played until within about a year 
of his death. He is survived by his widow, Agnes Daisy (Deane) 
Moody, and by two sons, John Otis and William Deane Moody. 


WALTER EDMUND JOSEPH MOORE (1892-1934) 


Walter Edmund Joseph Moore, who died on October 1, 1934, was 
vice-president in charge of operations of The Quaker Maid Co., Inc., 
New York, N.Y. He had been with this company and its predeces- 
sor, the A & P Products Corporation, since March, 1917, with the 
exception of two short periods. From May, 1917, to the end of 1918, 
he was a corporal in the Chemical Warfare Service of the United 
States Army, stationed at Edgewood Arsenal in Maryland, and for 
about a year in 1924-1925 he was a partner in the firm of Peters & 
Peters, Inc., New York, engineers and contractors specializing on 
changing over steam-driven plants to motor drive. 

Son of John A. and Mary A. (Killen) Moore, Mr. Moore was born 
on April 2, 1892, in Jersey City, N.J., where he resided at the time 
of his death. He was graduated from the Jersey City High School 
and in 1915 from Stevens Institute of Technology, Hoboken, N.J., 
where he secured a mechanical engineering degree. During his vaca- 
tions and for about six months after graduation he worked in the 
engineering department of the Jersey City plant of the American 
Sugar Refining Company. He then entered the employ of the Brook- 
lyn Union Gas Company, in which he rose to the position of district 
superintendent in charge of its largest pipe-fitting shop and ware- 
house. 

Prior to 1924 Mr. Moore was assistant chief engineer of the Great 
A & P Tea Company, in complete charge of the maintenance and 
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equipment of the headquarters plant in Jersey City and cooperating 
in the company’s outside work, comprising new buildings and manu- 
facturing equipment. He became engineer for the A & P Products 
Corporation at Brockport, N.Y., in 1925, and was transferred to the 
headquarters office in New York in 1926, and in 1931 was made vice- 
president in charge of operations. 

Mr. Moore became a junior member of the A.S.M.E. in 1918 and 
a member eight years later. He also belonged to the Sigma Nu fra- 
ternity. He is survived by his widow, Helen Grace (Hanley) Moore, 
whom he married in 1923. 


ANTHONY SAUNDERS MORRIS (1862-1935) 


Anthony Saunders Morris was born in Philadelphia, Pa., on April 
13, 1862, the son of Henry Gurney and Sallie (Marshall) Morris. He 
attended the Episcopal Academy and Penn Charter School in Phila- 
delphia and was graduated from Stevens Institute of Technology 
with an M.E. degree in 1884. During the next two years he was em- 
ployed by Henry G. Morris, Philadelphia, as draftsman and designer 
for sugar and gas machinery. He then became superintendent for 
the Julien Electric Company, Camden, N.J., which was engaged in 
the development of American methods of manufacturing storage 
batteries and patents of Edward Julien, of Belgium. 

In 1887 Mr. Morris took up the student shop course of the West- 
inghouse Electric Company at Pittsburgh. Later he served six 
months as superintendent of the company’s electric-light plant at New 
Orleans, La., and then as assistant in the laboratory, working on 
transformer and meter design. He left the Westinghouse company in 
1891 to enter the employ of the Edison General Electric Company, 
of Boston. He was sent to work on alternator and transformer de- 
sign at its Cleveland Works, the Brush Electric Company, and spent 
nearly a year there. 

Returning to the Westinghouse company in 1892, Mr. Morris was 
assigned to the Power Transmission Department. He later worked 
on the staff of the general manager as correspondent in charge of the 
Polyphase Department, handling all orders, price lists, and instruc- 
tions to district officers for the department. In 1898 he was com- 
missioned sales engineer, with headquarters in Philadelphia. 

Mr. Morris remained with the Westinghouse company until 1905, 
when with his brother he formed the P. H. & A. S. Morris partnership 
of Philadelphia for manufacturing sugar machinery, especially cen- 
trifugals and evaporators. The name of Morris Engineering was 
adopted two years later and in 1912 the power transmission business 
of the George V. Cresson Company was taken over and the Cresson- 
Morris Company formed. Mr. Morris served as vice-president of 
this company, as he had of Morris Engineering. Subsequent to 1907 
he was also secretary and chief engineer of the Kestner Evaporator 
Company, designing and manufacturing evaporators. He retired 
in 1931. 

Mr. Morris became a member of the A.S.M.E. in 1922 and also be- 
longed to the American Institute of Electrical Engineers, The Frank- 
lin Institute, the Theta Xi fraternity, and several clubs, including the 
Rittenhouse in Philadelphia and the Merion Cricket in Haverford, 
where he resided. He died on April 12, 1935, his skull being frac- 
tured in a fall downstairs at his home. He is survived by his widow, 
Mrs. Elisabeth H. (Wood) Morris, whom he married in 1890, and by 
one son, Anthony S., Jr. Their younger son, Wistar Morris, who 
served in the aviation service in the World War, was killed in France 
in 1918. 


WILLIAM DYE MOUNT (1867-1934) 


William Dye Mount, consulting mechanical and chemical engi- 
neer, of Lynchburg, Va., died suddenly at his home there on February 
28, 1934, of angina pectoris. For many years he was managing di- 
rector of all operations of the Mathieson Alkali Works, of Saltville, 
Va., and he was the inventor of a number of devices and processes for 
the chemical industry. 

Mr. Mount was born on July 13, 1867, at Peruville, Tompkins 
County, N.Y., a son of William Everett and Lucretia Barbara (Giles) 
Mount. He attended the Groton Union School and received an M.E. 
degree from Cornell University in 1890. He secured experience in 
drafting with the Groton Bridge & Manufacturing Co. during summer 
vacations and for four years after his graduation he was on the faculty 
of Brown University, for three years as insiructor in physics, then 
assistant professor of electrical engineering. He designed and laid 
out the equipment for the workshops at the University, and fitted up 
laboratories for electrical courses. 

He entered the employ of the Mathieson Alkali Works in 1898. 
Concerning his work since that time Mr. Albert W. Smith, Cornell 
University, Class of 1878, stated, in an obituary published in the 
Cornell Alumni News: 
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“He was promoted, first to superintendent, and then to general 
manager, a position that he held with high efficiency for many years. 
He found this plant with antiquated apparatus and with an annual 
loss in operation; he designed and installed modern equipment, re- 
organized processes and methods, and brought the plant to a paying 
basis. In 1918 he left Saltville and opened an office in Lynchburg as 
consulting and designing engineer. He did important work in de- 
sign and construction of apparatus for lime plants and pulp mills. 
In 1922 he designed and built an alkali plant in China which has been 
in successful operation ever since. 

“In striving for the fulfillment of a long cherished dream, Mr. 
Mount acquired title to a bed of high-grade limestone near Natural 
Bridge, Va., and planned to construct a plant for production of pure 
lime that is so much in demand for modern chemical purposes; in 
addition he planned to extract and purify the carbon dioxide from 
the lime-kiln waste gases and solidify it as ‘‘dry ice’’ for purposes of 
refrigeration. This dream was based on sound financial and engi- 
neering judgment. But, alas, the depression came and checked 
development, and now death has taken the moving spirit and the 
dream has faded.”’ 

Mr. Mount held patents on processes for producing wood pulp 
and a continuous sulphate process for kraft pulp; power transmission 
and storage devices; methods and apparatus for handling foaming and 
frothing liquids; causticizing units; vertical and rotary kilns; proc- 
ess and apparatus for producing cyanide; flakers and filters; barrel 
heaters; apparatus for treating gases; automatic drains for compres- 
sors; and a car and vehicle loader. He was the author of ‘‘A Simple 
Method of Cleaning Gas Conduits,’ ‘‘Economic Waste and Inef- 
ficiency,’’ ‘History of the Growth of an Important Industry,” and 
other articles. He became a junior member of the A.S.M.E. in 1892 
and a member five years later, and also belonged to the American 
Chemical Society, American Institute of Chemical Engineers, the 
Sigma Xi fraternity, and the Engineers’ Club, New York. 

Mr. Mount was twice married. His first wife, Miss Agatha 
Flanagan, of Seneca Falls, N.Y., whom he married in 1895, died in 
1908, leaving three children. Later he married Miss Alice Martin, 
of Glade Spring, Va., who survives him, with their three children. 
There are two sons, Morris Blake and William D., Jr., and four 
daughters, Barbara, Eliza H., and Florence E. Mount, and Mary 
Agatha (Mrs. Ray) Mitchell. A brother, Joseph E. Mount, and 
three grandchildren also survive him. 


WALTER JAMES MUNCASTER (1850-1934) 


Walter James Muncaster, a member of the A.S.M.E. since 1887, 
died at his home in Cumberland, Md., on October 13, 1934. 

Mr. Muncaster was born in Georgetown, D.C., on April 30, 1850, 
one of eight children born to Otho Zachariah and Harriet Elizabeth 
(Magruder) Muncaster. His father was a dealer and importer of 
hardware, and his mother the daughter of a lawyer of Rockville, 
Md. The family moved to Rockville shortly after the outbreak of 
the Civil War and there the children were brought up according to 
the strict standards of the Presbyterian church. 

Walter, who had attended the school of Captain Thomas N. Conrad 
in Georgetown, completed his schooling at the Rockville Academy. 
The following interesting account of his boyhood days, written by 
Matthew Page Andrews, is found in the second volume of the Ter- 
centenary History of Maryland, published by the 8S. J. Clarke Pub- 
lishing Co., Baltimore, in 1925. 

“After school hours and on holidays he did his share of the family 
work in the garden and at the woodpile, a familiar feature of the 
domestic landscape in those days. As a boy he exhibited an interest 
in mechanical devices that foreshadowed his achievements in mature 
life, but as his interest at that time found its outlet in dissecting clocks 
and locks his parents regarded it more as an evidence of original sin 
than inventive genius. The great event of his boyhood was, of course, 
the Civil War, and with all his boyish love of things military he longed 
to be a real soldier. At one time in the course of the war, in company 
with some playmates, he did run away to enlist, in spite of the fact 
that he was too young to be taken into the army in any capacity. He 
was found in the course of a few days and sent home to the prosaic 
tasks of the schoolroom.” 

At the age of seventeen Mr. Muncaster went to New York, where 
he served an apprenticeship as a machinist at the Novelty Iron Works. 
At the same time he attended evening classes in engineering at Cooper 
Institute, securing an M.E. degree in 1870. After completing his 
apprenticeship he worked successively as a machinist for Duvall & 
Pierce, Georgetown, at the U.S. Navy Yard, Washington, and in 
the shops of Poole & Hunt, Baltimore. Of his subsequent experience 
Mr. Andrews writes: 

“In 1874 he came to Cumberland as a machinist in the Beall 
Foundry, now known as the McKaig Foundry & Machine Shop, 
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where he was holding an executive position when he left to assist in 
the organization of the Cumberland Steel Company. This firm 
was established in 1892, and since then Mr. Muncaster has been vice- 
president and general manager. The product is the highest grade 
of steel shafting, which is made possible by some twenty-two inven- 
tions of Mr. Muncaster’s for the perfection of the machinery used in 
the plant.”’ 

Mr. Muncaster had not been active in business since 1921. The 
complete list of patents granted to him between 1875 and 1913 con- 
tains 27 items. They include machines for straightening and finish- 
ing shafting, metal bending and straightening machines, grinding 
machines for glassware, measuring instruments, lathes for metal 
working and turning shafting, machines for boring and turning pulleys 
and for boring cylinders, a crane for loading box cars, a pulley chuck, 
raising and lowering screw-propellers, tool and work holders, apparatus 
for applying couplings to and removing them from shafting, and other 
shafting machinery, as well as early patents on a portable steam 
engine, gridiron, and water-tube steam boiler. 

Mr. Muncaster was twice married. His first wife, Miss Anna R. 
Lewis, of Georgetown, whom he married in 1874, died two years later 
and their only child, Rosalie, died in 1902. He is survived by his 
widow, Mary I. (Spear) Muncaster, whom he married in 1904, and 
by their daughter, Margery Ivolue Muncaster. 


JOHN CLEMENT NAEGELEY (1844-1935) 


John Clement Naegeley was born on March 30, 1844, in the town 
of Ulm, Wirttemberg,Germany. He came with his parents to Holli- 
daysburg, near Altoona, Pa., in 1855, and lived there with them until 
1864 when he returned to Germany for a visit. 

His education began at the public schools at Ulm, and, after his 
parents came to Pennsylvania, was continued at schools and under 
a private tutor at Altoona and later at St. Vincents College, Latrobe, 
Pa. 

After his return from Germany he held positions in drafting rooms 
and shops, designing and constructing machinery, locomotives, 
buildings, and bridges for the following companies: 1867 to 1870 
with the Altoona & Great Western R.R. at Kent, Ohio; 1870-1871 
with the Cleveland Bridge & Car Works, Cleveland, Ohio; 1871 to 
1874 with the Porter Locomotive Works, Pittsburgh, Pa.; 1874 
to 1877 with the New York Central Railroad at Albany, N.Y.; 1877 to 
1878 with the New York, Boston & Albany R.R. at Boston, Mass.; 
1878 to 1879 with the Cleveland & Akron R.R. at Cleveland, Ohio; 
1879 to 1885 with the Keystone Bridge Works at Pittsburgh, Pa. 

In 1885 he started in business for himself, presumably in the in- 
spection of iron and steel work at the mills and shops, but no record 
of his work during this period is now available until 1901, when he 
was employed as chief inspector at the mills and shops of the struc- 
tural steel work for the Atlantic Avenue Improvement of the Long 
Island Railroad in Brooklyn, N.Y. This was a grade separation 
undertaking of considerable magnitude involving the rolling and 
fabrication of some 12,000 tons of structural steel work, including the 
tonnage in two heavy railroad viaducts with a combined length of 
about 2!/2 miles in the streets of Brooklyn. This work kept Mr. 
Naegeley employed from 1901 to 1904. 

Late in 1904 he accepted employment under Charles M. Jacobs, 
consulting engineer, first inspecting structural materials for the Hud- 
son & Manhattan R.R. tunnels and later as chief metal inspector, at 
the foundries and shops, of the cast-iron lining and other structural 
metal for the Pennsylvania Railroad Tunnels, under the Hudson 
River, and continued in that position until the work was finished. 

From about 1912 to 1916 he was engineer of inspection, under 
Gustav Lindenthal, chief engineer, in charge of steel inspection for 
the Hell Gate bridge and approaches. 

Later he was inspector of steel work for the Delaware River Bridge 
between Philadelphia, Pa., and Camden, N.J., under Ralph Modjeski, 
chief engineer, and while the dates and details of this latter engage- 
ment are not now available, Mr. Modjeski writes under date of 
July 10, 1935: ‘‘Mr. Naegeley performed a great deal of steel in- 
spection for me both at the mills and at the shops in a most thorough 
and conscientious manner.” 

Another prominent engineer who was a personal friend of Mr. Nae- 
geley and had great confidence in his reliability and thoroughness as 
a steel inspector, was the late Charles C. Schneider, past-president of 
the American Society of Civil Engineers, and for many years chief 
engineer of the American Bridge Company, who recommended his 
services to others for much important work. 

The words ‘‘thorough’’ and “‘conscientious’”” come naturally to 
the mind of any one who knew John Naegeley and his work; and that 
characterization could be very truthfully applied to everything he 
did. He was thoroughly loyal to those by whom he was employed, 
and uncompromising in his insistence on compliance with both the 
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letter and the spirit of the specifications but, at the same time, fair 
and just in dealing with those honestly trying to do good work. 

Mr. Naegeley became a member of the A.S.M.E. in 1901. 

He died on April 6, 1935, at the unusual age of 91 years. The last 
years of his life were spent at the home of his nephew, J. F. Varcoe, at 
Maplewood, N.J.—[{[Memorial prepared by James B. FRENCH, 
Consulting Engineer, New York, N.Y., with the cooperation of J. F. 
Varcog, Mr. Naegeley’s nephew, and of Messrs. J. Viponp Davies, 
O. H. Ammann, and MopJeskI, all engineers who were fa- 
miliar with Mr. Naegeley’s work at various times. | 


JOHN K. OLSEN (1887-1935) 


John K. Olsen, for many years chief draftsman of the Stewart 
Warner Corporation, Chicago, IIl., died at his home in that city on 
October 24, 1935, after a prolonged illness. 

Mr. Olsen, a native of Norway, was born at Horten on October 16, 
1887, the son of Nitinius and Marie Olsen. He held a scholarship at 
the Horten Technical College, from which he was graduated with an 
M.E. degree in December, 1906. He came to the United States soon 
afterward and was employed until the end of 1909 by the Crane 
Company, Chicago, as machinist and draftsman. He then entered 
the Hawthorne works of the Western Electric Company, where he 
worked as draftsman in connection with mechanical and electrical 
apparatus for four and one-half years. After another year in check- 
ing apparatus drawings he was made head of a subsection responsible 
for important work in the apparatus-manufacturing drafting room. 

Mr. Olsen became associated with the Stewart Warner Speed- 
ometer Corporation in June, 1918, in the position of designer and 
checker, and was made chief draftsman a few months later. He had 
charge of engineering design and production specifications. He held 
patents on many of his own designs in automobile accessories and 
helped to develop a large number of items produced by the company. 
He also compiled several hundred standard specifications used by the 
company. Unable to continue with his work for the Stewart Warner 
Corporation during the last year of his life, Mr. Olsen had done some 
temporary work for the Zerk Corporation and Florence Stove Com- 
pany, Kankakee, III. 

His long experience in drafting and standardization work led to 
his appointment as representative of the A.S.M.E. on the Sectional 
Committee on Drawings and Drafting Room Practice and he served 
on two of this group’s subcommittees—Fine Work and Graphical 
Symbols on Drawings. He became an associate-member of the 
Society in 1921 and a member four years later. 

Mr. Olsen was the author of ‘‘Production Design,’’ published in 
1928, contributed to the ‘‘Cost and Production Handbook,”’ and wrote 
numerous articles for the technical press. He became a naturalized 
citizen of the United States in 1916. 

Mr. Olsen is survived by his widow, Marie (Haugen) Olsen, and by 
one son, Canute Roald Olsen. 


FRANCIS JOSEPH OTTIS (1871-1935) 


Francis Joseph Ottis, founder and president of the Northern Malle- 
able Iron Company, St. Paul, Minn., died in that city on January 5, 
1935. He was born at Central Mine, in Northern Michigan, on 
September 18, 1871, attended public school in Nebraska, and was 
graduated from Creighton University, at Omaha, with an A.B. de- 
gree, and from Harvard University in 1896 with an LL.B. degree. 

After practicing law in New York, N.Y., for two years he went to 
St. Paul where he was connected with the American Grass Twine 
Company as general manager for two years and with the Minnie 
Harvester Company in the same capacity until he organized the 
Northern Malleable Iron Company in 1902. 

When Mr. Ottis became a member of the A.S.M.E. in 1923 he 
wrote of his experience: 

“T have had to do, in a supervisory capacity, with engineering prob- 
lems including the clearing and ditching of thousands of acres of 
marshlands of Minnesota, building of manufacturing plants, the build- 
ing and operation of intricate machinery for the manufacture of grass 
twine, grass carpets, and flax twine; later, the supervision of inven- 
tions which were patented for the manufacture of grass twine and 
flax twine and the manufacture of harvesting machinery involving 
very many patents. 

“In the manufacture of malleable castings I have been active in 
raising the quality of malleable iron and in introducing new methods 
and devices in the industry which in cooperation with others has re- 
sulted in raising specifications for malleable castings by the American 
Society for Testing Materials, from the old standard, 38,000 lb ten- 
sile, 2'/2 per cent elongation, 2 in., to the present standard of 50,000 
lb tensile and 10 per cent elongation, 2 in.”’ 

During the World War period he was a special representative of 


the malleable iron castings industry to handle matters coming before 
the War Industries Board, particularly those dealing with production. 
He also directed the preparation of price classification schedules. 

Mr. Ottis was greatly interested in educational and philanthropic 
enterprises and also in fine etchings. He is survived by his widow, 
Laura D. (Cook) Ottis, whom he married in 1891, and by three married 
daughters, Elizabeth Clark, Clara Louise Harris, and Laura Frances 
Bradshaw. 


JOSEPH YALE PARCE (1870-1935) 


Joseph Yale Parce, who died at his home in Denver, Colo., on April 
18, 1935, was born at Fairport, N.Y., on July 13, 1870, son of Joseph 
Yale and Lucy (Mead) Parce. His childhood, however, was spent at 
DeLand, Fla., and he was graduated from the Academy there in 1889. 
He then entered the Massachusetts Institute of Technology, from 
which he received an 8S.B. degree in mechanical engineering in 1893. 

During the summers of 1891 and 1892 Mr. Parce had been em- 
ployed by the American Tool & Machine Co., of Boston, and he con- 
tinued with the company until June, 1895, being engaged in design, 
construction, and installation of various kinds of mill and factory 
equipment, including power-plant and transmission machinery. He 
went to Denver in July, 1895, to design and install equipment for the 
shops and power plant in the Manual Training High School, and to 
develop courses in shopwork. He continued to serve the public 
school system of Denver until ill health forced him to retire in August, 
1934. 

Mr. Parce had taught mechanical drawing, machine shop work, and 
automobile repairing, in evening and summer schools. He had 
served as director of industrial arts (including vocational shopwork) 
at the Manual Training High School since November, 1919. He was 
also in charge of the Y.M.C.A. Automobile School in Denver during 
the summer of 1910, and was consulted frequently by various indus- 
tries of Denver on establishing equipment in their plants, and on de- 
sign and patent work. 

Mr. Parce became an associate-member of the A.S.M.E. in 1915. 
Although he did not participate in their programs in any definite way, 
he kept up faithful membership in several state and national voca- 
tional and educational associations. He was active in church and 
Masonic work, having served several terms as elder and clerk of the 
session of the Montview Presbyterian Church of Denver, and be- 
longing to the Knights Templar and Blue Lodge. He had a work- 
shop of his own at home and spent much time there and, for some 
years, in gardening. He is survived by his widow, Inez (Taggart) 
Parce, and by two sons, Joseph Yale, Jr., and Earl T. Parce. 


HARRY pe BERKELEY PARSONS (1862-1935) 


Harry de Berkeley Parsons was born on January 6, 1862, in New 
York, N.Y., the son of William Barclay Parsons and Eliza Glass 
(Livingston) Parsons. He was descended from distinguished Colonial 
stock, long identified with the development of New York city. 
Among his direct ancestors were Robert Livingston, First Lord of the 
Manor, who came to this country from Scotland in 1673; Cadwal- 
lader Colden, Lieutenant-Governor of the Province of New York in 
1760; and Colonel Thomas Barclay, who was appointed the British 
Consul General for New York, after the American Revolution. A 
brother who distinguished himself as an engineer and a soldier of the 
United States was the late William Barclay Parsons, who was chief 
engineer of the Rapid Transit Railroad Commission during the con- 
struction of the first Rapid Transit Subway for New York. 

In 1870, Mr. Parsons went to Europe with his family and during the 
following four years studied under private tutors, while traveling in 
France, Germany, and Italy. He matriculated at Columbia College, 
in New York, in 1878, from which he was graduated with the degree 
of bachelor of science in 1882. He then entered Stevens Institute 
of Technology, in Hoboken, N.J., from which he was graduated in 
1884 with the degree of mechanical engineer. In 1926, Stevens 
conferred on him the honorary degree of doctor of engineering. 

In 1885, Mr. Parsons established an office in New York city as a 
consulting engineer and maintained it there until his death. His 
field of practice was an unusually diversified one. To recite all the 
activities of his fifty years of experience as a consulting engineer 
would make too formidable a list to publish herein, but one who has 
studied them is impressed with their number, and with the versatility 
of mind of this quiet, conscientious man. Among the earlier projects 
with which he was connected was the construction of the Fort Worth 
and Rio Grande Railway, in Texas, including the erection of a bridge 
over the Brazos River, and, in 1889, the completion of the water 
supply for Stevens Point, Wis. In 1893, he was consulting engineer 
for the Nicaragua Canal Construction Company and some of its 
related organizations. 
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From 1892 to 1907, he was professor of steam engineering at Rens- 
selaer Polytechnic Institute, Troy, N.Y., and from the latter date 
until his death was its emeritus professor of practical engineering. 

In 1898 he was consulted on the adequacy of the foundations for 
the Protestant Episcopal Cathedrai of St. John the Divine in New 
York city. At a later date, he designed and installed the heating 
system for the Cathedral, and also had to do with the design of some 
of the appurtenant structures. 

In the period, 1901 to 1903, Mr. Parsons designed the Spiers Falls 
Dam and Power House, on the Hudson River, at Spiers Falls, N.Y.— 
1570 ft long, with a maximum height of 154 ft—and, in the period 
1921 to 1923, the Sherman Island Dam on the same river, near 
Glens Falls, N.Y., for the International Paper Company. He also 
acted as consulting engineer while these projects were being con- 
structed. 

Between 1898 and 1914 he was a member of the New York State 
Voting Machine Commission, and was chairman of the Mayor's 
Committee to Report on Street Cleaning and Waste Disposal, in 
New York city, in 1906 and 1907. From 1908 to 1914, he served as 
a member of the Metropolitan Sewerage Commission which prepared 
a monumental report on the Storm and Sanitary Drainage of New 
York city; and from 1898 to the time of his death Mr. Parsons was 
a consulting engineer for the New York Zoological Society. 

His activities included the designing of water and steam power 
plants for mills; roof trusses, heating plants, and other features of 
church buildings; water-supply and sewerage projects for cities; 
many designs for hydroelectric developments, and numerous ap- 
praisals of industrial projects, water powers, and railroads in many 
states. He designed the foundations and underpinning for many struc- 
tures for construction contractors, in connection with the building 
of the Rapid Transit Subway in New York city; and in 1918 and 
1919, as district appraisal officer at Detroit, Mich., Mr. Parsons 
represented the United States Government in the settlement of 
World War contracts connected with the Air Service and aircraft 
production. He acted as consulting engineer for the Cramp Ship 
and Engine Building Company on reports and appraisals; for the 
Pressed Steel Car Company; for The Consolidated Gas Company of 
New York; numerous paper companies; the Seaboard Air Line; 
and the New Hampshire Traction Company. He was consulting 
engineer for the Department of Street Cleaning of New York city 
through five administrations, during which he designed and built two 
rubbish destructor plants and prepared the design for a third for the 
building of which the city did not appropriate the necessary funds. 
For a time, 1905-1906, he was the consulting engineer for the Fire 
Department and for the Department of Docks and Ferries, of New 
York city, and designed and constructed a number of fireboats and 
ferryboats for these departments. 

For many years Mr. Parsons was the consulting engineer for the 
Corporation of Trinity Church, the Rhinelander Estates, the Corn 
Exchange Bank, the Mechanics and Metals Bank, and the Bush 
Terminal, all of New York city. The Delaware and Hudson Com- 
pany retained him to report ou and appraise some of its electric rail- 
way properties, the construction cost of which amounted to more than 
$14,000,000. The City of New York employed him to appraise the 
damages to the Ulster and Delaware Railroad by the flooding of the 
Ashokan Reservoir, for the properties taken for the large Chelsea 
Dock improvement, on the Hudson River front, and for the new 
County Court House—the condemnation for all of which amounted 
to many millions of dollars. 

He regarded as his most important accomplishments the Spiers 
Falls and the Sherman Island Dams, the study of tidal flows in the 
Harbor of New York for the Metropolitan Sewerage Commission, 
and the appraisals at the end of the World War for the U.S. Army 
Air Service plants, at Detroit. 

Mr. Parsons was a liberal contributor to the publications of the 
engineering and scientific bodies to which he belonged, both in original 
papers and in discussions of those of other authors. He was awarded 
the Thomas Fitch Rowland Prize by the American Society of Civil 
Engineers in 1925 for his paper on ‘‘Sherman Island Dam and Power- 
House,” and, in 1930, was given the J. James R. Croes Medal of that 
society for his paper on ‘‘Hydrostatic Uplift in Pervious Soils.” 
Mr. Parsons was also the author of ‘‘Disposal of Municipal Refuse 
and Rubbish Incineration,’ ‘‘Tidal Phenomena of the Harbor of 
New York,” and ‘‘Some Soil Pressure Tests,’’ published in the 
Transactions of the A.S.C.E. Papers presented before the A.S.M.E. 
and published in its Transactions included “Standard Cross-Sections,”’ 
‘‘Comparison of Rules for Calculating the Strength of Steam Boilers,” 
‘The Influence of Sugar Upon Cement,” and ‘‘The Displacements and 
the Area-Curves of Fish.’’ His book entitled ‘‘Steam Boilers, Their 


Theory and Design’’ (1917), went through five editions. 
Mr. Parsons became a junior member of the A.S.M.E. in 1885 and 
a member two years later. He served on the Publications Committee 
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from 1890 to 1902. He was elected to the Meetings Committee in 
1903, and also served on this committee from 1909 to 1914. He 
acted as chairman of the representatives of the Society on the Joint 
Committee on Fire Proofing Tests, whose report was published in 
Volume 18 (1897) of Transactions. He was also chairman of the 
Committee on Standard Cross-Sections and Symbols, whose report 
was published in Volume 36 (1914) of Transactions. He was elected 
a manager of the Society for the term 1915-1918. 

Mr. Parsons had been a member of the American Society of Civil 
Engineers since 1897. He also belonged to the Society of Naval 
Architects and Marine Engineers and the American Institute of 
Consulting Engineers, of which he was the president in 1926. He was 
chairman of the Professional Engineers Committee on Unemploy- 
ment, which represented the four Founder Societies, in 1931—1932, 
and was on its Advisory Board in 1932 and 1933. He was a member 
of the Delta Psi Fraternity and served as president of the Alumni 
Association of Stevens Institute in 1895 and 1896 and as Alumnus 
Trustee from 1896 to 1899. 

In addition, Mr. Parsons was active in civic affairs, and was a 
member of the New York Zoological Society and of its Board of 
Trustees, the Chamber of Commerce of the State of New York, the 
Merchants Association of New York, the Metropolitan Museum of 
Art, New York, and was a trustee of the United Hospital of Port- 
chester, N.Y., and chairman of its Endowment Fund. 

He belonged to the Protestant Episcopal Church and was a member 
of the vestry of the Church of the Incarnation, in New York city, 
where his funeral services were held, and of Christ Church, at Rye, 
N.Y., where his beautiful summer home is located. He belonged to 
the following clubs in New York city: Union, Engineers, New York 
Yacht, and the Downtown Association, and to the American Yacht 
Club, and the Apawamis Club, in Rye, N.Y. 

Mr. Parsons was a keen yachtsman and as a young man gained much 
experience at the helms of his own boats and of his father’s yacht. 
He was much interested in this clean sport, and for many years sub- 
sequent to 1895 served as chairman of the Race Committee of the 
American Yacht Club. From 1904 to 1922, he was also a member of 
the Racing Committee of the New York Yacht Club, being chairman 
from 1907 to 1922. The New York Times in an article published 
concerning him on January 27, 1935, quotes this statement of his 
made in 1917: 

‘*Yachting has a peculiar charm which is difficult to describe. I 
fancy it comes from the feeling of freedom and from the intimate com- 
panionship which is so pleasant. Men who are fond of the sea are 
usually fearless, frank and good sportsmen, qualities which make for 
staunch friendships and the pleasantest associations.” 

One feels how inadequate is this recital of Mr. Parsons’ deeds as 
a measure of what he accomplished during his life. When meeting 
him, one always felt that he was with a man who, by instinct and 
training, was a finished engineer. Always courteous, his quiet re- 
finement of manner, his sincerity of purpose, his modesty, and his 
grounding in the fundamentals of his profession distinctly impressed 
one. A cultured gentleman possessed of broad knowledge, his life 
was unusually full and useful. In spite of his modesty time will ap- 
praise the real value of his contributions to his profession. 

An editorial in Mechanical Engineering, March, 1935, says of him: 

“‘To him the profession he served had more than ordinary signifi- 
cance. He held its members in respect and affection, and to its or- 
ganized activities—the engineering societies—he gave liberally, at 
times of his experience in the technical papers he wrote, at times of 
his able advice and services, at times of his money. His warm sym- 
pathies were deeply touched by the plight of hundreds of brother 
engineers who suffered from the depression, and though not robust 
in health himself, he found time actively to aid in the organized relief 
of the Professional Engineers’ Committee on Unemployment. To 
it he contributed liberally. The appeal to buy bonds of The American 
Society of Mechanical Engineers found him responsive. The United 
Engineering Trustees, Inc., he remembered in his will. Thusin many 
and varied ways he identified himself with his profession.” 

He was married on December 16, 1890, to Frances Thompson 
Walker, of New York city, who died in 1917. He is survived by a 
son, Livingston Parsons, and a daughter, Katherine de B. Parsons, 
and three grandchildren. . 

Mr. Parsons died at his home in New York on January 26, 1935.— 
[From a memoir prepared by Ropert Ripeway and Lynne J. Bevan 
for the Transactions of the American Society of Civil Engineers.] 


EDGAR PIERCY (1856-1936) 


Edgar Piercy, who died at Hamilton, Ontario, Canada, on January 
20, 1936, was born on April 6, 1856, at Brighton, Sussex, England, 
son of Christopher and Harriet (Trussler) Piercy. Having completed 
his early education in common schools and at the Croydon Boys 
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School he was apprenticed to John Oldfield, architect and surveyor, 
of Croyden, Surrey, England. During his apprenticeship and after- 
ward he studied mechanical engineering, and later he attended high 
school in Hamilton. 

Mr. Piercy’s first engineering work in Canada was for the Consoli- 
dated Purifier Company, of Toronto, builders of flour mills and flour- 
mill machinery, for whom he was draftsman for a number of years, 
and subsequently he was in charge of drafting for a company engaged 
in a similar line of work at Stratford, Canada. This company, the 
Geo. T. Smith M. P. Co., transferred him to its head office at Jackson, 
Mich., in 1886, and from there he went to Camden, N.J., to become 
draftsman for the Camden Iron Works, of whose hydraulic traveling 
crane department he was later put in charge. He was also engaged 
in work for Poole & Hunt, of Baltimore, and R. D. Wood & Co., of 
Philadelphia, during his early years in the East. 

About 1893 he became superintendent of Reeves Bros., at Niles, 
Ohio, and was located there and at Alliance, Ohio, until 1895. He 
then went to Johnstown, Pa., where he was employed by the Cam- 
bria Steel Company as assistant engineering superintendent for about 
four years. His next position was that of manager and superintend- 
ent of the Milwaukee (Wis.) Boiler Company, manufacturers of 
marine and stationary boilers, tanks, etc. In 1901 and the early 
part of 1902 he was connected with the Carpenter Steel Company in 
Reading, Pa. 

With this varied background he entered the service of the United 
States Steel Corporation at Lorain, Ohio, in May, 1902, as blast fur- 
nace engineer. He held this position until his transfer in June, 1923, 
to the Gary, Indiana, Works of the National Tube Company where 
new pipe mills were being erected. As assistant chief mechanical 
engineer he aided in the construction and operation of this unit until 
he retired on a pension in April, 1931. In 1927 he was presented with 
a 25-year medal by the United States Steel Corporation in recogni- 
tion of his service to the industry. 

Mr. Piercy had been a member of the A.S.M.E. since 1881. His 
pastimes were drawing, painting, woodworking, and the illumination 
of presentation addresses. His wife, Margaret (Cusack) Piercy, 
died in 1927. They had been married since 1885. 


WILBER OSBORNE PLATT (1860-1934) 


Wilber Osborne Platt, president of the Joseph Reid Gas Engine 
Company, Oil City, Pa., died in that city on April 18, 1934. He had 
been a member of the A.S.M.E. since 1902 and was keenly interested 
in the work of the Society. 

Mr. Platt was born on January 4, 1860, in Clarion County, Pa., 
son of Hugh and Mary A. (Echelbarger) Platt. He attended the 
Soldiers Orphans’ School of Pennsylvania and later took courses 
through the International Correspondence Schools. 

At the age of sixteen he was apprenticed to W. J. Innis & Co., in 
Oil City, to learn the machinists’ trade. After two years’ training he 
entered the employ of Joseph Reid, for whom he worked until 1882. 
During the six years following he was with Harman Gibbs & Co. 
(which later became the Ajax Manufacturing Company), engaged in 
repair work, part of the time as foreman of a repair crew. He then 
returned to the employ of Mr. Reid in the capacity of general fore- 
man, his work including the design of fixtures and full charge of a 
general jobbing shop. 

When the Joseph Reid Gas Engine Company was incorporated in 
1899 he was made superintendent, responsible for all designs and 
manufacturing methods. He became a vice-president of the com- 
pany after a few years and continued to serve in that capacity, as 
one of the directors, and as superintendent until the death of Mr. 
Reid in 1917, when he was elected president of the company. He 
was also president of the Reid Land & Development Co. and vice- 
president of the Frick-Reid Supply Corporation. 

Mr. Platt held patents on horizontal power-transmission wheels; 
vaporizers and igniters for internal-combustion engines; grinding 
machines; bearings for oil-well jacks and swing levers; governing 
valves for gas engines; governors with safety-trigger arrangement; 
internal-combustion engines; and gas-purifying apparatus for clean- 
ing natural gas. 

He was a frequent contributor to the technical press, particularly 
to the American Machinist, for which he wrote a series of articles on 
‘Echoes from the Oil Country,’’ under the pen name of W. Osborne. 
These were begun about 1900 and continued irregularly for many 
years. They were exceptionally practical letters and attracted con- 
siderable attention. He was a student of biology and astronomy, 
fond of outdoor life, and devoted to the interests of his employees. 
He was a member of the Odd Fellows. 

Surviving him are his wife, Lucinda A. (Messenger) Platt, and six 
children, Mrs. Annie L. Brakeman, Mrs. Rose A. Ramsey, Mrs. 
Mary Lou Bellen, and Olive M., Hugh A., and J. Reid Platt. 
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JAMES M. PONISOVSKY (1901-1935) 


James M. Ponisovsky, whose death occurred in Brussels, Belgium, 
on December 31, 1935, was born in Moscow, Russia, on December 26, 
1901. He was the son of Matthew and Amalia Wilenkin Ponisovsky 
of Tsarskoé Selo. After attending a private school in Moscow he 
was obliged to leave the country with his family owing to the Bol- 
shevik Revolution. On reaching London in January, 1919, he was 
tutored at Payen Payne for the City and Guild’s Engineering College 
of the University of London, from which he was graduated with a 
B.Sc. degree in 1923. 

Mr. Ponisovsky was employed by John Hetherington & Sons 
Limited, at the Vulean Works, Manchester, England, as an apprentice 
during the remainder of 1923, fitting and erecting cotton-spinning 
machinery, and during the next year was a special apprentice on the 
erection of textile machinery with Mather & Platt, Ltd., at the Park 
Works, Manchester. 

After completing his apprenticeship Mr. Ponisovsky took up the 
study of production of tinplate for The Melingriffith Company, 
Ltd., at Whitchurch, near Cardiff, South Wales. He continued with 
this company until May, 1926, serving during the latter part of the 
time as liaison official between the office and the production depart- 
ment. 

Mr. Ponisovsky then came to the United States and in July, 1926, 
became research assistant for the Baltimore Copper Smelting & 
Rolling Co., Baltimore, Md., a subsidiary of the American Smelting 
& Refining Co. Since the first of January, 1930, he had been con- 
nected with Copper Exporters, Inc., of New York, N.Y., represent- 
ing the copper industry in Europe, investigating complaints and giving 
technical advice on the fabrication and use of copper. 

Mr. Ponisovsky became an associate-member of the A.S.M.E. in 
1929. He also belonged to the American Institute of Mining and 
Metallurgical Engineers and the Institution of Mechanical Engineers. 
He is survived by his father, Matthew Ponisovsky, and by two sisters 
and a brother, all residing in Paris, France. 


JOHN FREDERICK POOL (1863-1935) 


John Frederick Pool, a native of Cornwall, England, died at his 
home at Falmouth on August 29, 1935. He was born at Perran-ar- 
Worthal on February 11, 1863, son of Francis and Anne Maria Sara 
Pool. He attended a private school at Devoran and served a five- 
year apprenticeship with Cox & Co., engineers and shipbuilders of 
Falmouth. 

After several years’ experience as an erector of marine engines and 
boilers in shops and on board steamships, Mr. Pool came to the United 
States in 1888 and was first employed here as draftsman for the 
Spreckels Sugar Refinery, of Philadelphia, Pa. He rose through the 
positions of chief draftsman, first assistant engineer, and chief engineer 
of that company to the post of superintendent of the American Sugar 
Refining Company, at its Brooklyn Refinery, which he held from 1909 
until his retirement in April, 1916. His invention of an improvement 
on a mechanical stoker was purchased by the company. 

Since his retirement Mr. Pool had devoted much of his leisure to 
gardening and in 1929 won a gold medal for his exhibit at the Fal- 
mouth Flower Show. He is survived by a niece, Mrs. A. Muriel 
Evans, of Falmouth. His wife, Mary E. (White) Pool, whom he 
married in 1893, died in 1914. 

Mr. Pool had been a member of the A.S.M.E. since 1914. 


MINOTT E. PORTER (1869-1936) 


Minott E. Porter, principal examiner, United States Patent Office, 
died in Washington, D.C., on February 26, 1936. He was born at 
Hinckley, Medina County, Ohio, on July 11, 1869, son of Henry T. 
and Lydia Porter. His boyhood was spent on a farm. During the 
school year of 1888-1889 he attended Hiram College. Deciding to 
take an engineering course, he entered the University of Michigan in 
1889 and was graduated four years later, receiving the degree of B.S. 
in civil engineering. Continuing his studies, he secured his C.E. de- 
gree from the same university in 1897. 

Prior to his graduation Mr. Porter secured engineering work during 
the summer of 1892 as one of the inspectors of masonry on an 800-foot 
lock being constructed at Sault Ste. Marie, Mich. Owing to a period 
of depression he was unable to secure any other special work until 
the fall of 1894, when he was appointed a computer in the United 
States Hydrographic Office of the Navy Department, Washington, 
D.C. In the early part of 1897 he was transferred to the United 
States Naval Observatory at Washington. 

Mr. Porter began work in the Patent Office in December, 1901, as 
fourth assistant examiner. He was promoted through the several 
grades and early in 1914 was appointed law examiner. During the 
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latter part of this period he examined classes of patents dealing with 
rock drills, mining machinery, and stoneworking machinery. From 
1902 to 1906 he studied law at George Washington University, re- 
ceiving the degree of master of patent law. As law examiner, 
1914-1915, he was a special assistant to the Commissioner of Patents, 
devoting his time to law matters and to the supervision of declara- 
tions of interferences involving inventions of all kinds. 

When Mr. Porter was made principal examiner in November, 1915, 
he was assigned to Division 18, which handles classes of patents deal- 
ing with steam engines, speed-responsive devices, boilers, and power- 
plant equipment. His work involved the analysis of mechanism in 
the foregoing classes to determine its workability, novelty, and patent- 
ability. He was a member of the bar of both the Supreme Court and 
the Court of Appeals of the District of Columbia. 

Mr. Porter became a member of the A.S.M.E. in 1918 and was a 
past-chairman of the Washington Section of the Society, which he 
helped to organize. 

Mr. Porter married Alice M. Palmer, of West Richfield, Ohio, in 
1894, and is survived by her and their son, Clarence H. Porter, of 
Boston, Mass. 


HARRY CADWALLADER RAYNES (1871-1933) 


Harry Cadwallader Raynes, who died on April 18, 1933, was born 
at Lowell, Mass., on August 18, 1871. He supplemented his high- 
school course with special work in mechanical engineering and eco- 
nomics. 

After some preliminary experience Mr. Raynes took a position as 
mill engineer in Lowell in 1897. In 1900 he went to Dover, N.H., as 
construction engineer for the Cocheco Manufacturing Company, 
with which he was connected for three years. In 1904 he was associ- 
ated in engineering work with Stephen T. Williams, of New York, 
then became supervising engineer and works manager for the Eaton 
Hurlbut Paper Company, Pittsfield, Mass. He engaged in consulting 
work in Boston from 1907 to 1909 and spent the following year with 
the Emerson Company, New York, in the capacity of directing engi- 
neer. From then until 1914 he was consulting engineer and mechani- 
cal superintendent of the paper mill of F. W. Bird & Son, East Wal- 
pole, Mass. 

Since 1914 Mr. Raynes’s work had been chiefly in the consulting field, 
his office being in New York the greater part of the time. During 
the War years he was general manager of the Atlantic Shipbuilding 
Corporation at Portsmouth, N.H., and in 1921 went to the Minn. & 
Ontario Paper Co. as consulting engineer. In 1924 he was consult- 
ing engineer at the Johnson & Canden Co. in New York, and for 
approximately three years, beginning in June, 1926, he was vice- 
president and general manager of the New England Division of the 
Atlantic Gypsum Products Company, of Boston. 

Mr. Raynes became a member of the A.S.M.E. in 1913. 


WILLIAM L. REID (1864-1935) 


William L. Reid, vice-president, in charge of manufacturing, of the 
Lima Locomotive Works, Inc., Lima, Ohio, died on March 9, 1935. 
He had been a member of the A.S.M.E. since 1930. 

Mr. Reid was born in Paterson, N.J., on October 3, 1864, the son 
of John I. and Agnes (Rankin) Reid. 

Mr. Reid's father, John I. Reid, was born in Scotland and came to 
this country while still in his teens. He served as an infantry private 
in the Union Army during the Civil War. Following his discharge, 
he spent the remainder of his life in the locomotive industry in Pater- 
son. Without the benefit of any education other than that acquired 
by his own reading, he worked his way up to the position of general 
foreman at the Rogers Locomotive Works. He furnished three sons 
to the locomotive industry—James A. Reid, retired by the American 
Locomotive Company, Charles L. Reid, draftsman of the American 
Locomotive Company, and William L. Reid, the subject of this 
obituary. 

William L. Reid attended the public grade and high school until 
in 1880 when he began a drawing-room apprenticeship with the 
Rogers Locomotive Works in his native city. After completing a 
four-year drawing-room apprenticeship, he served his time as a ma- 
chinist apprentice with the same company. 

Completing that apprenticeship he served as a machinist on the 
New York Manhattan Elevated Railroad until 1887, at which time 
he was appointed a foreman of the erecting shop of the Rogers Loco- 
motive Worksin Paterson. In 1899 he was appointed assistant super- 
intendent of the same company. In 1902 he was appointed assistant 
superintendent of the Brooks Locomotive Works, which position he 
had held only a few months when he was made superintendent. In 
1903 he was made superintendent of the Schenectady Works of the 
American Locomotive Company. His ability was so exceptional 
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that later in the same year he was made manager of the works. He 
served in that capacity until 1907, when he was appointed general 
works manager. 

In 1917 he was appointed general superintendent of the Baldwin 
Locomotive Works, a position that he held for two years. During 
that period he made a noteworthy record not only in connection 
with locomotive construction but in the fabrication of various war 
materials. 

In 1918 he was elected vice-president in charge of manufacturing of 
the Lima Locomotive Works, Inc., a position which he held until the 
time of his death. With that company he made an outstanding 
record for quality production, inventive capacity, and administra- 
tive ability. 

Mr. Reid was a valuable citizen in the communities he served. 
In Schenectady, N.Y., he was a member of the Board of Education 
and the Park Commission. He took a very great interest in civic 
affairs and at all times did much to inspire both young and older gen- 
erations in the importance of constructive citizenship. He was fear- 
less in advocating a principle that he believed to be right or just. 
Although exacting in discipline, he tempered his acts with impartial 
justice. 

In 1885 he married Elizabeth Hammond, who died in 1927. Sur- 
viving Mr. and Mrs. Reid are a number of distinguished children, 
Dr. Ralph D. Reid, Wm. H. Reid, John I. Reid, Leslie Reid, and Mrs. 
R. H. Pew. 

Mr. Reid was ever a keen and devoted student. He took exceptional 
interest in astronomy and in American history, particularly that period 
dealing with the Civil War. 

In his varied and remarkable career Mr. Reid made substantial con- 
tributions to the sum of locomotive construction knowledge. He 
was an acknowledged authority in such matters. 

Able in his profession, devoted to duty, and imbued with the 
dignity of self respect, he was an outstanding engineer and citizen, 
and a fine type of the true American gentleman.— [Memorial prepared 
by W. H. WinTERROWD, Chicago, Ill. Mem. A.S.M.E.] 


CHARLES RUSSELL RICHARDS (1865-1936) 


Charles Russell Richards, engineering educator and leader in the 
fields of industrial education and industrial museums, died at the 
Doctor's Hospital in New York, N.Y., on February 21, 1936. 

Professor Richards was born at Boston, June 30, 1865, the son of 
Charles C. and Josephine (Gleason) Richards. He was educated in 
the High School at Roxbury, and at the Massachusetts Institute of 
Technology, where he was graduated in 1885, from the mechanical 
engineering course. After graduation he was chief draftsman and 
assistant superintendent at the Whittier Machine Company of Bos- 
ton, until 1887. He left this position to take charge of the shops of 
the Industrial Education Association of New York, and remained 
there for about a year. From 1888 to 1898 he was director of the 
Department of Science and Technology of Pratt Institute in 
Brooklyn. From 1898 to 1908 he was director of the Department of 
Industrial Art at Teachers College, Columbia University. From 
1908 to 1923 he was director of Cooper Union and chief administrator 
of the entire institution. During the World War he organized here 
special classes in war industry work, which were very successful. 
His wide knowledge of economic history, of all phases of industrial 
life, and of the trade routes of the world, made the lectures which 
he gave on these subjects as part of the engineering curricula, of great 
value. His familiarity with many phases of art fitted him admirably 
for directing the work of Cooper Union in its objective of advancement 
of science and arts. From 1923 to 1926 Professor Richards was direc- 
tor of the American Association of Museums. From 1926 to 1930 he 
was in charge of the Division of Industrial Arts of the General Educa- 
tion Board. In 1930 he became executive vice-president and director 
of the New York Museum of Science and Industry, and held this 
position until the failure of his health in 1935. 

This Museum, started as the Museum of Peaceful Arts through the 
bequest of Henry R. Towne, had made a small beginning and, for a 
number of years, had been trying to crystallize the problem before it. 
Under Professor Richards’ leadership a comprehensive plan was out- 
lined, the Museum was moved to larger quarters, and an exhibit 
opened which covered the fields of food, housing, textiles, transporta- 
tion by highway, rail, water, and air, communication, machine tools, 
power, and electrotechnology. It included also an auditorium where 
each day moving pictures told the story of various industries and 
phases of arts and manufactures. The Museum has outgrown these 


quarters and was moved shortly before his death to Rockefeller 
— where it is going forward upon the foundations laid down by 
im. 
Professor Richards joined the A.S.M.E. in 1890. He was presi- 
dent of the National Society for the Promotion of Industrial Educa- 
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tion from 1909 to 1913, a trustee of the Children’s Aid Society of 
New York from 1904 to 1916, a member of the Corporation of the 
Massachusetts Institute of Technology from 1909 to 1914, and a mem- 
ber of the Century, Art-in-Trades, and also of the Technology Club, 
of which he was at one time president. 

In addition to the above activities he rendered many other valu- 
able services. He was on the Advisory Commission on Industrial 
Education for the New York State Board of Regents, was chairman 
of the Commission to visit and report on the Paris Exposition, and he 
organized the National Society for Vocational Organization. He was 
author of ‘‘Arts in Industry,’’ ‘‘The Industrial Museum,” and ‘‘In- 
dustrial Art and the Museum.”’ In April, 1926, he received the Cross 
of the Legion of Honor of France, and in 1935 was awarded the 
Michael Friedsam Medal by the Architectural League of New York. 
Only a few hours before his death a portrait bas relief of him was dedi- 
cated at the entrance of the Engineering Building of Pratt Institute. 

Professor Richards was married in 1917 to Hilda Muhlhauser, and 
in 1926 to Mildred Batchelder, who survives him. 

Professor Richards united a wide knowledge of modern industrial 
production and an unerring taste, a combination which made him a 
leader in guiding modern industrial activities along lines combining 
utility and beauty. His ranging mind, enriched by travel and wide 
reading, his great personal charm, and his generous and loyal friend- 
ships leave behind him an influence which will be long felt by all who 
knew him and by many who never saw him.—[{Memorial prepared 
by JosepH W. Ron, New York, N.Y. Mem. A.S.M.E.] 


WALTER JOSIAH RICKEY (1871-1935) 


Walter Josiah Rickey, managing director of The Singer Manufac- 
turing Company, Ltd., Clydebank, Scotland, was seriously injured 
in a motor accident at Mantes, France, and died on May 22, 1935, 
ten days later, at Neuilly-sur-Seine, where he had been removed for 
specialized care. 

Mr. Rickey had been connected with the Singer organization since 
October, 1903, when he became superintendent of the cabinet factory 
at South Bend, Ind. He remained there for about ten years, serving 
as works manager during the latter part of the time. He was made 
managing director at Clydebank in 1913. 

The following excerpts are from the Glasgow Herald of May 24, 
1935: 

‘His technical ability was outstanding, and his genius for organ- 
izing workshops and factories on mass-production lines greatly en- 
hanced the reputation of the Singer Company, and made the Clyde- 
bank works among the most important of their kind in the world. 

‘His activities were not confined to the technicalities of produc- 
tion and administrative work, as he entered into welfare work with 
great enthusiasm. The welfare of the staff and workers was one of 
his first objectives when he came to Clydebank, and in cooperation 
with his codirectors he made provision for indoor and outdoor sport 
for the workers on a scale which cannot perhaps be rivaled by any 
large industrial establishment in this country. 

‘‘Mr. Rickey’s enthusiasm for sports was of great help to him in 
organizing welfare schemes. He was a keen golfer and angler, and 
he was also interested in yachting.” 

He was particularly interested in the group insurance plan for fac- 
tory workers and helped to put it into effect at the Clydebank works. 

Mr. Rickey was born at Athol Center, Mass., on January 7, 1871, 
son of George Warren and Jane A. (Flint) Rickey. Graduated from 
the Massachusetts Institute of Technology in 1895 with an 8S.B. de- 
gree in mechanical engineering, he entered the employ of the T. & B. 
Tool Co., Danbury, Conn., as draftsman. Early the following year 
he was promoted to the position of chief draftsman and assistant 
superintendent. He left the company in January, 1898, to work in 
the manufacturing department of the General Electric Company at 
Schenectady, N.Y., and a year later was put in charge of the depart- 
ment. He continued in that position until he joined the Singer or- 
ganization in 1903. He held a United States patent for a needle- 
straightening machine and methods. 

Mr. Rickey took great interest in philanthropic and welfare work 
of all kinds. He was an active worker in the Boy Scout and Boys’ 
Brigade movements. He was director of the Victoria Infirmary at 
Helensburgh from 1922 to 1925 and chairman for part of the time, 
and a member of the District Nursing Association there. He was a 
member of the County Committee at Clydebank for the British 
Red Cross, Scout Commissioner for Dumbartonshire, and a deacon in 
the Congregational Church at Helensburgh. During the last five 
years of his life he was a director of the Glasgow Chamber of Com- 
merce. 

Mr. Rickey became a member of the A.S.M.E. in 1903 and be- 
longed to the Institution of Engineers and Shipbuilders in Scotland, 
and of the Glasgow and West of Scotland Association of Foreman En- 


gineers. He was honorary secretary of the Massachusetts Institute 
of Technology in Glasgow. His clubs included the Anglo-American 
in London and a number of golf, yacht, and automobile clubs in 
Scotland. He was married in 1901 to Miss Grace Landon of Sche- 
nectady and is survived by her and by five daughters and a son. 


WILLIAM F. RIPPE (1900-1935) 


William F. Rippe, planning and installation engineer, Electric 
Generation Department of the Public Service Electric & Gas Co., 
Newark, N.J., died on August 24, 1935, at his home in West Orange, 
N.J., after a four months’ illness. Mr. Rippe had been in the employ 
of Public Service since 1922, the year in which he was graduated from 
Cornell University, where he received his degree in mechanical engi- 
neering. He started with Public Service as a cadet engineer and, 
following the completion of that course in December, 1924, he was 
assigned to Marion Station as test engineer. He was transferred to 
Kearny Station as test engineer in September, 1926. On May 1, 
1931, he was transferred to the general office as engineer and a month 
later was appointed fuel engineer. He was appointed chief engineer 
at Kearny Station, in June, 1934, and held that post until his promo- 
tion to planning and installation engineer, on May 15, 1935. 

Mr. Rippe was born in New York, N.Y., on October 19, 1900. 
He prepared for college at the Mount Vernon High School. As an 
undergraduate at Cornell he was one of the best-liked students on the 
campus. His activities included captaincy of the varsity basketball 
team in 1922, and memberships in Tau Beta Pi, Pi Kappa Alpha, 
Phi Kappa Phi, Atmos, Sphinx Head, the College Honor Committee, 
and the Student Council. During his summer vacations he engaged 
in automobile-repair work, drafting, installation of machinery, pro- 
duction, and repairing for metal works, and bridge construction. 

Mr. Rippe is survived by his wife, Gertrude, two children, Richard 
and Jane, his father, a sister, and a brother. 

Mr. Rippe became a junior member of the A.S.M.E. in 1923. 


CHARLES WILLIAM RIPSCH (1884-1936) 


Charles William Ripsch, secretary and works manager of the Buck- 
eye Portable Tool Company, Dayton, Ohio, died on February 1, 
1936. He was born in that city on September 1, 1884, son of Cynthia 
Ann and Frank Ripsch. He attended the public schools of Dayton, 
including the Steele High School and Dayton Manual Training School 
and was graduated from Ohio State University with a degree in me- 
chanical engineering in 1907. During his vacations he did drafting 
and designing on water wheels for the Stillwell-Bierce & Smith-Vaile 
Co. and the Corliss Engine and Pump Department of the Platt Iron 
Works Company, and during the latter part of his senior year carried 
on an investigation on the flow of gases through a venturi meter, mak- 
ing some six thousand observations on the flow of steam under vary- 
ing pressures and working out formulas for steam and gas. 

Following his graduation from the University Mr. Ripsch took a 
position as designer in the inventions department of the National 
Cash Register Company, Dayton, working on cash-register parts. 
Later he was made chief draftsman of the department, where he con- 
tinued to be employed until the fall of 1910. After a trip abroad, on 
which he visited England, France, Belgium, Switzerland, and Ger- 
many, he became automobile designer for the Stoddard Dayton 
Automobile Company, but left there in May, 1911, to serve as in- 
ventor and tool designer for the Recording & Computing Machines 
Co., Dayton. Two years later he opened an office in Dayton for the 
practice of consulting engineering on inventions, special machinery 
design, and special tools for interchangeable manufacturing. At the 
expiration of another two years he became connected with the Day- 
ton Pipe Coupling Company in the capacity of superintendent. In 
April, 1916, he was appointed secretary of the Sheffield Machine & 
Tool Co., Dayton, manufacturers of special machinery, dies, jigs, 
and tools, and subsequently he was chief engineer for the American 
Railways Equipment Company, and again connected with the Re- 
cording & Computing Machines Co., in the capacity of assistant chief 
engineer. For several years following the World War he was super- 
intendent and chief engineer of the Joyce Cridland Company, Day- 
ton. Since 1922 he had held his position as secretary and works 
manager of the Buckeye Portable Tool Company. 

Mr. Ripsch had taken out a considerable number of patents in his 
own name and in the name of the companies for which he worked. 
These were principally on cash registers and their parts, air compres- 
sors and pumps, hoisting jacks, portable pneumatic and electric tools. 

Mr. Ripsch became a junior member of the A.S.M.E. in 1908 and 
a member in 1916. He served as chairman of the Dayton Section of 
the Society in 1930 and was a member of the Dayton Engineers Club. 
Surviving him are his widow, Agnes L. (Batdorf) Ripsch, whom he 
married in 1929, and a daughter, Charlon B. Ripsch. 
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CHARLES EVERETT ROSS (1867-1935) 


Charles Everett Ross, well known as a naval architect and marine 
engineer, died in New York, N.Y., on January 11, 1935. He was 
born in the Greenpoint section of Brooklyn, N.Y., on January 17, 
1867, the son of Josiah Caldwell and Julia Bryant (Haines) Ross, who 
moved to Brooklyn from Maine about 1861. His mother’s family 
were descendants of John Howland of the Mayflower group. Her 
grandfather owned pine forests in Maine and built several clipper 
sailing ships. The family lived at Damariscotta Mills, Maine. 
His father’s family were early settlers of Ipswich, Mass., and moved 
to Nobleboro, Maine, soon after the Revolutionary War. His 
father’s mother was a Caldwell of Ipswich. His father learned the 
ship joiners trade in Maine. 

When the Roach shipbuilding yard was opened at Chester, Pa., 
Josiah Ross, with a number of men from a New York shipyard, moved 
there, and Charles received his preliminary education in the public 
schools of that city. He was graduated from the University of Penn- 
sylvania with the degree of bachelor of science in 1888 and then took 
a one-year postgraduate course, receiving the degree of mechanical 
engineer in 1889. 

As a college student, Mr. Ross worked in the shipyard during his 
summer vacations, and after graduation went to work there as a 
draftsman. He remained until 1899, the latter part of the time being 
chief draftsman in charge of the engine department. He then went 
to New York and until 1904 he was the engineer in charge of design 
and repair at the Morgan Iron Works there. Since then he had been 
in business in New York as a consulting engineer in naval architec- 
ture and engineering. For two years he was a member of the firm of 
Ross & Rodman and from 1906 until 1920, when he established his 
own office, he was associated with Frank S. Martin. 

Mr. Ross became a member of the A.S.M.E. in 1900 and also be- 
longed to The Society of Naval Architects and Marine Engineers, the 
Institution of Naval Architects (London), and the Downtown Ath- 
letic Club, New York. He was a New York State licensed engineer. 
He was musically inclined and was a student of Dickens and Shakes- 
peare. 

His wife, Katherine E. Dreemmy, whom he married in 1905, died 
in 1920. He had made his home at the Hotel Chelsea, New York, 
for many years. He is survived by a niece, Julia C. Ross, and a 
nephew, Elliott P. Ross. (Based, in part, on an obituary prepared 
for publication in the Transactions of The Society of Naval Archi- 
tects and Marine Engineers. | 


CARL ROSSMASSLER (1877-1935) 


Carl Rossmassler, professor of machine design at Cooper Union, 
New York, N.Y., died suddenly from a heart attack on December 28, 
1935, at his home in that city. 

Professor Rossmassler was born in Philadelphia, Pa., on June 2, 
1877, the son of Richard and Bertha (Collins) Rossmassler. He re- 
ceived his education at the Penn Charter School, Germantown, Pa., 
the St. Paul's Cathedral School, Long Island, N.Y., and the Massa- 
chusetts Institute of Technology, where he was awarded the B.S. 
degree in naval architecture in 1901. 

After graduation from college, he was employed at the New York 
Shipbuilding Company, Camden, N.J., in hull work, and later at the 
Electro-Dynamic Company, Bayonne, N.J. In 1907 he was instru- 
mental in forming the Rossmassler-Bonine Electric Company, in 
Philadelphia, manufacturing small electric motors and specialties, of 
which company he was treasurer. This organization terminated in 
1913, after which he started the Morristown Boat and Engine Works, 
at Morristown, N.Y., where he engaged in the building of marine 
internal-combustion engines until 1916. War disturbances inter- 
fering with this business, he went with the St. Lawrence Marine Rail- 
way Company and the George Hall Coal & Transportation Co., 
Ogdensburg, N.Y., as mechanical engineer. From 1917 he spent two 
years in the Bureau of Construction and Repair, Navy Department, 
Washington, as supervising draftsman in charge of Standard Plans 
Division, and then short periods successively at the Durkee Manufac- 
turing Co., Staten Island, N.Y., and the Domestic Engine & Pump 
Co., Shippensburg, Pa. 

In 1920 Professor Rossmassler was appointed assistant professor 
of machine design at Cooper Union, New York, and in 1924 was 
made professor and placed in charge of the Department, which he 
had developed and made highly efficient. He held this position at 
the time of his death. 

Professor Rossmassler became a member of the A.S.M.E. in 1921, 
and also belonged to the Society of Automotive Engineers and the 
Society for the Promotion of Engineering Education. He is survived 
by his widow, Lulie (Powers) Rossmassler, whom he married in 
1922.—[Memorial prepared by E. F. Cuurcn, Jr., Brooklyn, N.Y. 
Mem. A.8.M.E.] 
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DANIEL ROYSE (1871-1935) 


Daniel Royse, youngest son of Daniel and Martha D. (Coulson) 
Royse, was born on January 21, 1871, at Chauncey (now West 
Lafayette), Ind. 

He attended the Lafayette public schools and in 1884 entered the 
preparatory department of Purdue University, from which he was 
graduated in 1889 with the degree of bachelor of mechanical engineer- 
ing. The next two years he attended Cornell University (in 1890- 
1891 holding the Sibley fellowship) and in 1891 received the degree 
of M.M.E. The following year he was an instructor at Cornell and 
the next year was abroad in Germany and Switzerland. After his 
return he engaged in drafting and machine design at Purdue Univer- 
sity, during 1894. 

In 1895 Mr. Royse removed to Chicago and entered the office of 
David L. Barnes, consulting engineer. In December, 1896, he joined 
the staff of the Windsor & Kenfield Publishing Company as mechanical 
editor of the Street Railway Review; in 1901 he succeeded the late 
H. H. Windsor as editor in chief of the publications of that company, 
which also included Brick and Steam Engineering. In 1906 Mr. 
Royse sold his interest in this company and the following year be- 
came assistant editor in chief of The Railway Age, Chicago, in which 
position he continued until that journal was consolidated with the 
Railroad Gazette. 

From 1906 to 1914 Mr. Royse was with the purchasing department 
of the Harriman Lines as assistant to the director of purchases of the 
Union Pacifie Railroad and the Southern Pacific System, and, after 
the segregation of the Harriman Lines, as assistant to the vice- 
president of the Union Pacific Railroad, located in New York. 

In 1915 he went to Indianapolis and for some three years was as- 
sociated with his brother-in-law, Daniel B. Luten, in the National 
Bridge Company, returning to New York in 1918. 

When in Chicago Mr. Royse engaged in the study of law and was 
graduated from the Chicago Law School in 1899. He was admitted to 
the Tippecanoe County bar in November, 1901, and to the Chicago 
bar in June, 1902. 

Since 1923 Mr. Royse had been associated with Frank H. Hall, 
general counsel for the Corn Products Refining Company, New 
York. His death occurred at his home in that city on October 28, 
1935. 

Mr. Royse became a junior member of the A.S.M.E. in 1891 and 
a member in 1904. At Purdue he was elected to membership in the 
Kappa Sigma fraternity and at Cornell, to Sigma Xi, honorary 
scientific society. He belonged to the Engineers’ Club, New York, 
and Union League Club, Chicago. He resigned as a major in the 
Ordnance Section, Officers’ Reserve Corps, U.S.A., in 1926, and was a 
member of the Military Order of the Loyal Legion. 

In 1910, Mr. Royse married Grace Heath (Hull) Marsteller, by 
whom he is survived. 


JOHN MORRELL RUSBY (1861-1935) 


John Morrell Rusby was born in Franklin, N.J., on March 5, 1861, 
son of John and Abigail E. (Holmes) Rusby. Following his gradua- 
tion from Stevens Institute of Technology in 1885 he entered the 
Construction Department of the United Gas Improvement Company 
of Philadelphia, Pa., as cadet engineer. In April, 1886, he went to 
Allentown, Pa., to serve as superintendent of the gas works there and 
about a year later transferred to Jersey City, N.J., where he held a 
similar position. Later he took charge of the Hudson County Elec- 
tric Plant at Jersey City and about 1899 was appointed engineer for 
the Hudson County Gas Company. He remained in Jersey City 
until July, 1902, when he returned to the main office in Philadelphia, 
where he served for a time as inspecting engineer and then engineer 
of tests. In this latter capacity he had charge of all the development 
work done by the company in the Chemical and Physical Labora- 
tories, the Experimental Plant, and the Appliance Laboratory. 

In connection with the research work carried on by the company 
under Mr. Rusby’s direction he, individually and jointly with other 
company employees, was responsible for many important patents. 
Some of these were on processes of delayed combustion, blue-gas ap- 
paratus, steam and air controls, producer-gas operation, water-gas 
operation, vertical retorts, and waste-heat boilers. He retired from 
active professional work about six years prior to his death, which oc- 
curred at his home in Haverford, Pa., on May 27, 1935. 

Mr. Rusby had been a member of the A.S.M.E. since 1893 and also 
belonged to the American Gas Association, the Illuminating Engineer- 
ing Society, and The Franklin Institute, which awarded him its Long- 
streth Medal in 1914 for his paper on “‘Industrial Combustible Gases.’’ 
He was a member of the Engineers Club, Philadelphia, and the Merion 
Cricket Club, Haverford. He is survived by his widow, Ella M. 
(Winans) Rusby, whom he married in 1910, and by a daughter, 
Jeanne Winans Rusby. 
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HARRIS JOSEPH RYAN (1866-1934) 


Harris Joseph Ryan, professor emeritus of electrical engineering of 
Stanford University and honorary director of the Harris J. Ryan 
high voltage laboratory there, died on July 3, 1934. Professor Ryan 
was born at Powells Valley, Pa., on January 8, 1866, the son of Charles 
William and Louisa Mary (Collier) Ryan. He secured his early 
education at Baltimore City College and at Lebanon Valley College, 
Annville, Pa., and in 1883 entered Cornell University as a member of 
the first class in the newly organized course in electrical engineering. 

During the year following his graduation in 1887, he worked on 
electric-light installations for the Western Engineering Company, 
Lincoln, Neb., then returned to Cornell to become an instructor in 
the department of physics. He was appointed assistant professor 
of electrical engineering in 1889, associate professor in 1892, and pro- 
fessor and head of the department in 1895 at the age of twenty-nine. 
He remained at Cornell until 1905, when he went to Palo Alto to 
become professor of electrical engineering, in charge of the depart- 
ment, at Leland Stanford Junior University, now known as Stanford 
University. 

Shortly after becoming a member of the faculty at Cornell, Pro- 
fessor Ryan presented a paper before the American Institute of Elec- 
trical Engineers reporting work on transformers carried on by him 
and Ernest Merritt. This paper, which first brought him into promi- 
nence, was followed by others giving the results of his investigations 
in the electrical field. He developed the pole face winding and the 
principle of the interpole which counterbalanced the effects of arma- 
ture reaction in direct-current machines. He also became interested 
in high-voltage transmission, and succeeded in disproving the then 
common belief that 40,000 volts was the maximum economical trans- 
mission voltage. In the course of this work he constructed an air- 
insulated transformer for 90,000 volts which was in use in the labora- 
tory at Cornell for many years afterward. About 1900 he began a 
series of studies of the cathode-ray tube, which he applied to the meas- 
urement of voltage and current. 

After going to California, Professor Ryan continued his researches 
in power transmission, and in recognition of his work the university 
built a high-voltage laboratory in 1913 in which the principal item 
of equipment was a 350,000-volt transformer. Here Professor Ryan 
constructed a 60,000-cycle oscillator for use in the study of insulator 
flashover, and in 1916 devised a potentiometer for measuring the 
potential across each unit in a suspension string. 

In addition to his other work Professor Ryan was consulting engi- 
neer for the Los Angeles Aqueduct Power Bureau from 1909 to 1923 
and during the year 1918-1919 he was director of the supersonics 
laboratory of the National Research Council in Pasadena. He de- 
voted much time to the study of corona formation on conductors 
and was frequently called on as a consultant, particularly in connec- 
tion with increasingly higher voltages. 

The Harris J. Ryan high-voltage laboratory was opened in 1926. 
The building and equipment were given by manufacturing and power 
companies and the university provided the land, which included a 
strip suitable for a seven-mile experimental transmission line. The 
equipment included six 350,000-volt, 60-cycle transformers insulated 
to supply, with various connections, voltages up to 2,100,000 between 
lines, single-phase, 1,050,000 from line to ground, single-phase, and 
1,212,000 between lines, three-phase. Professor Ryan retired from 
active duties at the laboratory and university in 1931. 

Among the honors which came to Professor Ryan were the degree 
of doctor of laws by the University of California and the Edison Medal 
of the American Institute of Electrical Engineers, both in 1925. He 
joined the Institute as an associate in 1887, and was transferred to the 
grade of member in 1895 and to the grade of Fellow in 1923. He had 
been very active in committee work of the Institute, and served suc- 
cessively as manager, vice-president, and (1923-1924) president. In 
addition to the many papers presented before the Institute and before 
other societies, or published by them, Professor Ryan was coauthor, 
with H. H. Norris and G. L. Hoxie, of ‘‘A Textbook of Electrical 
Machinery,” issued in 1906. 

Professor Ryan had also served on the United States National 
Committee of the International Electrotechnical Commission and 
was United States delegate to the International Electrical Congress 
at St. Louis in 1904. He was a member of the jury on awards at both 
the World’s Fair at Chicago in 1893 and the Panama-Pacific Inter- 
national Exposition at San Francisco in 1915. 

Professor Ryan became a member of the A.S.M.E. in 1896, re- 
signed in 1912, and was reinstated in 1923. He also belonged to the 
American Physical Society, the National Academy of Sciences, and 
the Institute of Radio Engineers and was a Fellow of the American 
Association for the Advancement of Science. He was a member of 
the honorary fraternities, Sigma Xi and Tau Beta Pi, as well as of 
Phi Kappa Psi. 
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He is survived by his widow, Katherine E. (Fortenbaugh) Ryan, 
whom he married in 1888. 


CHARLES ELLIOTTE SARGENT (1862-1934) 


Charles Elliotte Sargent, who was awarded the John Scott Medal 
for his complete-expansion gas engine and who had taken out some 
seventy patents covering a variety of inventions, died at his home 
in Indianapolis, Ind., on September 22, 1934, of a cerebral hemor- 
rhage. 

Mr. Sargent was born at Carlinville, Ill., on September 12, 1862, 
the son of Jacob True and Maria L. (Braley) Sargent. He attended 
the local district schools and Blackburn College, from which he was 
graduated with a B.S. degree in 1882. He received a B.S. degree in 
mechanical engineering from the University of Illinois in 1886, and 
also an M.S. degree from Blackburn. The University of Illinois 
conferred an M.E. degree upon him in 1915. 

During summer vacations from 1883 to 1886 and for two years 
following his graduation from the University of Illinois he worked for 
the Walter A. Wood Co., of St. Louis, Mo., manufacturers of mowing 
and reaping machines. He then entered the employ of A. L. Ide & 
Sons, Springfield, Ill., spending the first year with the company in 
the erection of steam plants. He next became chief draftsman for 
the company and two years later was made manager of its Chicago 
office. He tested steam-plant equipment for economy and efficiency, 
and served as consulting engineer on the design and erection of steam 
plants. He also engaged in the sale of simple and compound steam 
engines manufactured by the company. 

From 1894 to 1898 Mr. Sargent was manager of the Ball & Wood 
Co., Chicago, and during the next five years was located at the Elmes 
Engineering Works in that city. It was here that he built his first 
complete expansion double-acting gas engine (which was described in 
a paper presented before the A.S.M.E. in December, 1900, and pub- 
lished in the Transactions for 1901). The Sargent Gas Engine Com- 
pany, of Chicago, was established in connection with this invention. 

During a period of consulting work at this time, Mr. Sargent served 
the Wellman-Seaver-Morgan Company of Cleveland, Ohio, the Ball & 
Wood Co., and the Wisconsin Engine Company, of Corliss, Wis. 
He was chief engineer for this company for the years 1908-1910. 

In 1914 Mr. Sargent went to Indianapolis, Ind., to take the posi- 
tion of chief engineer of the Lyons Atlas Company, which about five 
years later became the Midwest Engine Company. He continued 
with his company until 1920, and from then until he retired in 1931 
engaged in research engineering for various companies. 

Throughout his life Mr. Sargent was engaged in research and in- 
vention under hisownname. The list of patents held by him includes 
many entries for internal-combustion engines. The problem of a 
constant compression complete-expansion internal-combustion engine 
engaged his attention at an early date, as did also valve mechanisms, 
and many of his patents are in this field. His automatic gas calo- 
rimeter, as well as his steam meters, have won special recognition. 
Other patents show an interesting diversity of research. They in- 
clude windmill generators and governors, a farm-tractor control de- 
vice, boiler-feedwater purifiers, a dust separator, an electric cooker, 
card-cutting machinery, pressure and draft gages, and a gas washer. 

Mr. Sargent’s contributions to the technical press, including the 
publications of the societies to which he belonged, were numerous. 

Mr. Sargent was given the John Scott Medal in 1907. In 1905 he 
was presented the Octave Chanute Medal of the Western Society of 
Engineers for his research work in thermodynamics. In addition to 
his membership in that Society he belonged to The Franklin Institute 
and the Society of Automotive Engineers. He had been a member 
of the A.S.M.E. since 1891. He held the 32d Masonic degree and 
was a Shriner and a member of the Scottish Rite. 

Surviving Mr. Sargent are his second wife, Harriette M. (Boynton) 
Sargent, whom he married in 1895, and three children, Richard B. 
Sargent, Mrs. Francelia (Calvin R.) Hamilton, and Mrs. Charline 
(Ross C.) Lyons. His first wife, Alice (Vaughan) Sargent, died in 
1894, four years after their marriage. 


CARL HUGO SCHUTTLER (1887-1935) 


Carl Hugo Schuttler was born at Wheeling, W.Va., on May 22, 
1887, son of Joseph and Caroline Louisa (Weiderbusch) Schuttler. 
He attended the grade and high schools of Wheeling and then served 
a two-year apprenticeship as a machinist with Spears & Riddle, in 
Wheeling, at the same time completing the mechanical-engineering 
course of the International Correspondence Schools. 

From 1906 to 1909 he was employed by the Whitaker Glessner 
Company in its Corrugating Department at Wheeling. During the 
early part of the time he was a detailer in the Engineering Depart- 
ment, but later, during a seven-month leave of absence of the me- 
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chanical engineer, he was given the responsibility for all mainte- 
nance work in the mill and for the completion of extensive additions 
to their plant at Martins Ferry, Ohio. 

In 1909 Mr. Schuttler was engaged by the Wheeling Mold & 
Foundry Co. to design rolling-mill machinery. Later he was put in 
charge of the construction and equipment of their steel foundry, and 
subsequently developed shop-production methods for the execution 
of contracts for the Isthmian Canal Commission. 

Thus it was with a considerable amount of experience that Mr. 
Schuttler, at the age of twenty-five, entered Lehigh University to se- 
cure a more thorough technical training. He was graduated with 
an M.FE. degree in 1916. 

In March, 1918, Mr. Schuttler became assistant district supply 
manager, at Youngstown, Ohio, for the United States Shipping Board, 
Emergency Fleet Corporation. He was in full charge of the produc- 
tion of marine turbines and engines and deck machinery. During 
the latter part of the year he attended the Field Artillery Central 
Officers Training School, at Camp Zachary Taylor, Kentucky, re- 
turning to Youngstown in January, 1919, to take the post of senior 
examiner on cancelations. He had full charge of surveys of the cost 
of manufacture on canceled contracts for marine engines and _ tur- 
bines and deck machinery. 

Upon the completion of this work Mr. Schuttler took up private 
practice at Toledo, Ohio, as industrial engineer and public account- 
ant, in which he engaged until 1928, part of the time as senior member 
of the firm of Baker & Schuttler. He then spent a year as engineer 
for the Mineral Felt Company, Toledo, and several years as engineer 
and sales manager for the Insulating Products Company, Aurora, 
Ill. His work there led to a patent on heat-insulating material. 

In 1934 he returned to Wheeling to become general foreman of the 
Drop Forging Department of the Wheeling Corrugating Company, 
a subsidiary of the Wheeling Steel Corporation, the position held by 
him at the time of his death on July 28, 1935. 

Mr. Schuttler is survived by his widow, Estelle (Vinson) Schuttler, 
whom he married in 1926, and by three children, Walter Schuttler, 
Dorothy (Schuttler) Brown, and Dorothea (Schuttler) Cromer, all of 
Aurora, 

As a student at Lehigh University, Mr. Schuttler was elected to 
membership in the Kappa Sigma fraternity. He became an asso- 
ciate-member of the A.S.M.E. in 1918 and a member three years 
later. He was also a former member of the Engineers’ Society of 
Western Pennsylvania. 


GEORGE HASKELL SCOTT (1851-1935) 


George Haskell Scott, a member of the A.S.M.E. since 1893, died 
on October 29, 1935, after a brief illness of pneumonia. He was past 
his eighty-fourth birthday, having been born on June 29, 1851, at 
Hartland, Conn. His parents were Nelson and Martha (Gaylord) 
Scott. The family moved to Edgartown, Mass., when he was a 
small boy, and later to Marblehead, Westboro, and Amherst. He 
completed his secondary education at Amherst and entered the Worces- 
ter Polytechnic Institute in 1869. After receiving his B.S. degree 
in mechanical engineering in 1872 he remained at the Institute for 
several years as assistant in the woodworking department. 

For short periods after leaving the Institute Mr. Scott was em- 
ployed as a patternmaker in West Fitchburg and as s machinist in 
Worcester. He then took a position with the Washburn & Moen 
Manufacturing Co., Worcester, as draftsman and machinist, working 
on the improvement of special machines. He was with this company 
until 1881, when he became superintendent of the Morgan Spring 
Company, Worcester, a position which he held until 1890. He then 
returned to the Washburn & Moen Manufacturing Co. as master 
mechanic and was connected with the plant until the early part of 
1900, after it was acquired by the American Steel & Wire Co. 

During the next five or six years he was again associated with the 
Morgan Spring Company as superintendent and while there invented 
a number of machines for making springs. In 1908 he was treasurer 
of the Worcester Injector & Valve Co., and the following year was 
vice-president of the Dodge Sander Company, Worcester. 

Mr. Scott became an instructor at the newly organized Worcester 
Trade School in 1910 and after a few years there took the position 
of superintendent of grounds and buildings at the Worcester Acad- 
emy. In 1914 he was manager of the Union Machine Company, 
Worcester, and in 1917 went to Bridgewater, Mass., where he assisted 
a friend in the establishment of the Chandler Construction Company. 
During the next few years he worked for the Carver Cotton Gin Com- 
pany, East Bridgewater. 

In 1922 Mr. Scott went to Merchantville, N.J., to live with his son, 
Edgar G. Scott, later moving with him to Moorestown, N.J.  Al- 
though not regularly employed he had kept active in a small repair 
shop of his own until shortly before his death. 


Mr. Scott’s wife, formerly Miss Ella Marie Clark, of Worcester, 
died in 1913. Only the one son, who is also a member of the A.S.M.E., 
survives him. 


DAWSON HANCOCK SKEEN (1887-1936) 


Dawson Hancock Skeen, president of D. H. Skeen & Co., Chicago, 
Ill., power equipment sales engineers, died at his home in Flossmoor, 
Ill., on February 23, 1936, after a week's illness, of pneumonia. 

Mr. Skeen was born at Bell Buckle, Tenn., on October 6, 1887, the 
son of Matthew L. and Ida I. Skeen. He attended the Webb Pre- 
paratory School at Bell Buckle and was graduated from the United 
States Naval Academy at Annapolis in the Class of 1910. He re- 
signed from the Navy upon the death of his father a few months later 
and after closing out his father’s business took a position with the 
National Light & Power Co., at Fulton, Ky. 

When the United States entered the World War in 1917 Mr. Skeen 
reentered the service as senior lieutenant in the Bureau of Steam 
Engineering, Navy Department, at Washington. After the War, in 
1919, he went to Chicago to become assistant to the president of The 
Edward Valve & Manufacturing Co., later becoming superintendent 
of the works of that company at East Chicago, Ind. He organized 
D. H. Skeen & Co. in 1922 and from then until his death was presi- 
dent of the company, representing leading manufacturers of power- 
plant equipment. 

Mr. Skeen became a member of the A.S.M.E. in 1927 and served 
as chairman of the Chicago Local Section from July, 1931, to July, 
1933. He also belonged to the Western Society of Engineers and was 
a director of the Flossmoor Country Club. He is survived by his 
widow, Elizabeth C. Skeen, whom he married in 1915, and by two 
children, Nancy Lee and Drake H. Skeen. 


JOHN SKOGMARK (1877-1935) 


John Skogmark, chief engineer for Chemical Appliances, Inc., 
New York, N.Y., died at the Swedish Hospital in Brooklyn, N.Y., 
on March 26, 1935. He was a native of Sweden, having been born 
at Ore on May 6, 1877, son of Andera and Karin (Dunder) Skogmark, 
but was a naturalized citizen of the United States. 

Following his graduation as a mechanical engineer from the 
Chalmers Institute of Technology in 1897, Mr. Skogmark spent about 
a year with the Jonsered Manufacturing Company, at Jonsered, 
Sweden. From then until the end of 1902 he was engaged in water- 
works construction, for the cities of Gothenburg and Falkenberg. 

His first position in this country was as machine designer at the 
Industrial Works in Bay City, Mich. For a year beginning in July, 
1904, he held the position of master mechanic at Culebra for the 
Isthmian Canal Commission. After returning to the States he was 
employed for about six months as machine designer for The Bucyrus 
Company, at South Milwaukee, Wis., and for part of 1906 in power- 
house construction at the Raritan Copper Works, Perth Amboy, 
N.J. He then went to Peru, S.A., to work for the Cerro de Pasco 
Mining Company, at La Fundicion, as assistant engineer of smclter 
construction. 

He returned to Wisconsin in 1909 and for a number of years was 
construction engineer for the Mineral Point Zinc Company. Then he 
went to New York, where he engaged in consulting practice until he 
became affiliated with Chemical Appliances, Inc. He helped to design 
a munitions plant at Nitro, W.Va., during the World War period. 
He held patents on a precipitating apparatus and process, a process 
and apparatus for extracting zine ore, and a process for the purifi- 
cation of gas. 

Mr. Skogmark had been a member of the A.S.M.E. since 1912. 
He also belonged to the American Institute of Mining and Metallurgi- 
cal Engineers, was a past-president of the American Society of 
Swedish Engineers, and was vice-president of the John Ericsson 
Society at the time of his death. He was a member of the American 
Scandinavian Foundation. 

Mr. Skogmark was unmarried. 


SYLVESTER MILLER SNOW (1861-1935) 


Sylvester Miller Snow, who died in Providence, R.I., on April 28, 
1935, was born in that city on September 3, 1861, the son of Edwin 
Miller Snow, M.D., and Ann Eliza Warren (Pike) Snow. He pre- 
pared for college at the University Grammar School, Providence, and 
entered Brown University in 1879. After receiving an A.B. degree in 
1883 he became a draftsman with the Providence Steam Engine 
Company. In 1886 he received an A.M. degree from Brown, and in 
the same year went to the Brown & Sharpe Manufacturing Co. as a 
draftsman. He left there in 1888 to enter the employ of the Corliss 
Steam Engine Company, and in 1889 became head draftsman of the 
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Wm. A. Harris Steam Engine Co. From 1890 to 1893 he was me- 
chanical engineer for the Manufacturing Investment Company, Madi- 
son, Me. He returned to Providence in 1894, engaging in business 
there until 1898, when he took up mechanical engineering work in 
Montreal, Que. 

In 1899 Mr. Snow became senior partner in the firm of Snow and 
Humphreys, mechanical and mill engineers, with offices in Boston, 
a partnership which continued until 1910. Since that time Mr. Snow 
had been in business for himself as a mechanical engineer in Boston 
and Providence. 

From 1885 to 1887 he served as clerk of the Warren Baptist Associa- 
tion and wrote the annual reports published in 1885-1887. He 
had been a member of the A.S.M.E. since 1890. <A bachelor, he is 
survived by a sister, Elizabeth Hathaway Snow. 


GRANT WARREN SPEAR (1865-1935) 


Grant Warren Spear, vice-president of the Dearborn Chemical 
Company, died at Palm Beach, Fla., on March 22, 1935, after several 
months’ illness. He is survived by his widow, Mary (Carr) Spear, 
whom he married in 1890, and by a daughter, Emily Lenore Spear. 

Mr. Spear was born at Aurora, Ill., on April 7, 1865, son of Warren 
and Matilda (Griffith) Spear. He was graduated from the West 
Aurora High School in 1883 and from the University of Illinois with 
a B.S. degree in mechanical engineering in 1887. He became a 
member of the firm of Warren Spear & Co. following his graduation 
and after the death of his father was president of the company until 
he joined the Dearborn Chemical Company, of Chicago, in 1898. 
He was testing engineer of this company for several years, later sales 
manager, then vice-president. In 1908 he went to New York to 
serve as eastern manager. He had charge of all business in the 
East and all foreign and export business, supervising both sales and 
engineering. 

Mr. Spear became a member of the A.S.M.E. in 1914. He be- 
longed to the Northport Country Club and Crescent Athletic Club, 
Huntington, Long Island, the New York Railroad Club, the Chicago 
Athletic Club, and the Havana Country Club. 


FREDERICK LEWIS STANTON (1892-1934) 


Frederick Lewis Stanton, whose death occurred on January 28, 
1934, was born in Guysboro County, Nova Scotia, on January 25, 
1892, son of Richard and Emma (McKenzie) Stanton. He served a 
full apprenticeship from 1909 to 1912 with the W. J. Young Machin- 
ery Co., Lynn, Mass., and after working for a few months on design- 
ing for the Peerless Automobile Company, Boston, spent nearly a year 
in the employ of the New England Gear Works in that city as a ma- 
chinist, securing a practical knowledge of gearing. 

From 1913 to 1915 Mr. Stanton was connected with the Associated 
Tanners Machinery Company, Salem, Mass., designing machinery, 
and, during the latter part of the time, being in charge of the draft- 
ingroom. Subsequently he spent about two years in machine design 
and experimental work for the Essex Machine Company, Lynn, 
and a year with the United Shoe Machinery Company, Beverley, 
Mass., in the Tool Designing Department, designing jigs and fixtures. 
He became a naturalized citizen of the United States in 1917. 

Since 1918 Mr. Stanton had been with the National Paper Prod- 
ucts Company, Carthage, N.Y., in charge of machine designing and 
the experimental shop. 

Mr. Stanton supplemented his early public school education in a 
number of ways. He studied mechanical drafting in the evening 
schools at Lynn, Mass., for four years and also took a two-year pre- 
paratory course there with the intention of entering the Massachu- 
setts Institute of Technology. He gave up this idea when the op- 
portunity at Carthage was offered him, but continued his studies in 
mechanical drafting, mathematics, and mechanical engineering 
through the International Correspondence Schools. 

Mr. Stanton became an associate-member of the A.S.M.E. in 1928, 
and was a Mason. He is survived by his widow, June (Spearance) 
Stanton, and by two children, Dorothy E. and Richard L. Stanton. 


CHARLES WOOD STEPHEN (1885-1935) 


Charles Wood Stephen, chief engineer of the Reading-Pratt & Cady 
Co., Inc., Bridgeport, Conn., died of pneumonia at the Bridgeport 
Hospital on May 2, 1935. 

Mr. Stephen became an associate-member of the A.S.M.E. in 1916 
and a member three years later and had rendered the Society valuable 
service in Local Section work in Bridgeport and on technical com- 
mittees. He was a member of the Executive Committee of the 
Bridgeport Section in 1929, and had been one of the Society’s repre- 
sentatives on the Sectional Committee on the Standardization of 


Pipe Flanges and Fittings since its organization in 1921. He served 
on two subcommittees of the committee—those on Cast Iron Flanges 
and Flanged Fittings and on Screwed Fittings——-and was chairman of 
a subgroup on the Design of Bolted Flange Connections. 

He was also a member of the Manufacturers Standardization So- 
ciety of the Valves and Fittings Industry and served on many of its 
committees, in several instances as chairman. A memorial resolu- 
tion passed by the society referred to him as having been “‘associated 
with the valve and fittings industry for a quarter of a century and for 
the past decade or more a faithful and active worker in this society. . . . 
Through his engineering ability he has contributed substantially to 
the advancement of the art of our industry.” 

Mr. Stephen was born in Glasgow, Scotland, on December 23, 
1885, son of John George Airlie and Edith (Lincoln) Stephen. He 
came to the United States in 1907 and was naturalized in 1916. 

His technical education was secured at the Emmanuel School and 
South Western Polytechnic, both in London, between the years 1902 
and 1906. He also served a three-year apprenticeship with Aiton & 
Co., Engineers, beginning in January, 1903. This included both 
shop and drafting exper-ence, particularly in connection with pipe 
work, and during the latter part of his apprenticeship he was in charge 
of piping erection at the Battersea power house. 

Mr. Stephen came to the United States by way of Canada, where 
he was employed during the summer of 1907 as a machinist by the 
Canadian Pacific Railroad, repairing locomotives at Montreal and 
Toronto. His first position in this country was with the Yetman 
Typewriter Transmitter Company at North Adams, Mass., working 
out some improvements in design. Subsequently he was employed 
by the Union Typewriter Company in Bridgeport to design tools for 
making the visible model then being perfected by the company. He 
next spent periods of about six months with the Locomobile Company 
of America and the Bullard Machine Company in design work, and a 
short time selling printing machinery for the Simplex Manufacturing 
Company, all in Bridgeport. 

In May, 1910, Mr. Stephen became draftsman and designer for the 
Crane Company in Bridgeport. About three years later he was put 
in charge of the Experimental and Test Department, and during his 
last year with the company, 1916-1917, was in charge of the Specialty 
Department, manufacturing regulating valves and other steam spe- 
cialties. 

In July, 1917, Mr. Stephen went to Hartford, Conn., to take the 
position of mechanical engineer for Pratt & Cady, Inc. During his 
first year and a half there he was responsible for the design and in- 
spection of all products manufactured by the company. He was 
appointed mechanical engineer and assistant works manager in Janu- 
ary, 1919, and continued in that capacity until 1921, when he re- 
turned to Bridgeport to take the post of research engineer for the 
Reading-Pratt & Cady Co. Except for a year (1923-1924) with 
Jenkins Bros., Bridgeport, he continued with the company until his 
death, being made chief engineer in 1924. 

Mr. Stephen patented a lubricant seal type of valve which has 
proved its worth in service. He was of a studious, retiring character, 
enjoyed golf and fishing, and was a member of the Brooklawn Coun- 
try Club and of the Masonic fraternity. He is survived by his 
widow, Edith (McWilliams) Stephen, of Bridgeport, whom he married 
in 1912. 


HERMANN STEPHENSON (1885-1934) 


Hermann Stephenson, who died on March 27, 1934, was born in 
Los Angeles, Calif., on February 18, 1885, son of Walter Dorrence 
and Susan Cleveland (Utley) Stephenson. He prepared for college 
at the Ithaca High School and was graduated from Cornell Univer- 
sity with an M.E. degree in 1907. He spent the summer of 1904 
working in the shops of the American Locomotive Company at Sche- 
nectady, N.Y., and the following summer with the Wire & Tele- 
phone Co. of America, Rome, N.Y., as draftsman. 

Following his graduation in 1907 Mr. Stephenson worked for a 
year on design, drafting, and field construction for Westinghouse, 
Church, Kerr & Co., New York, N.Y. During the next two years 
he was instructor in machine design and experimental engineering 
at Cornell University, and he returned there for the year 1915-1916 
to establish a course in industrial management. In the interim he 
was engaged in efficiency work for the Brighton Mills, Passaic, N.J. 

From October, 1916, until his retirement-in 1926, Mr. Stephenson 
was employed by the Eastman Kodak Company at Kodak Park, 
Rochester, N.Y., the largest plant of the company, in the capacity 
of industrial engineer. His duties involved important engineering 
investigations in connection with manufacturing problems. 

Mr. Stephenson became a junior member of the A.S.M.E. in 1909 
and an associate-member ten years later. He belonged to the 
Knights Templar. 
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JAMES DANIEL STEWART, JR. (1904-1934) 


James Daniel Stewart, Jr., son of James Daniel and Alula (Speight) 
Stewart, was born at Savannah, Ga., on July 12, 1904. He was 
graduated from the high school at Magnolia, Ark., in 1921, and at- 
tended the Georgia School of Technology, Atlanta, the following year. 
He then transferred to Clemson College, in South Carolina, from 
which he received a B.S. degree in mechanical engineering in 1925. 
He served as chairman of the A.S.M.E. Student Branch at Clemson 
during his senior year. 

Offered a number of positions when he graduated, Mr. Stewart 
decided to go with the Atlantic Coast Line Railroad Company, for 
which his father was a machinist. He served a special apprenticeship 
at the Emerson Shops at Rocky Mount, N.C., and in June, 1927, 
was appointed plant engineer there. His engineering training and 
practical experience enabled him to solve many technical problems 
which arose both at the shops and elsewhere on the road. Changes 
in personnel led to his transfer in March, 1933, to the position of as- 
sistant power-plant engineer, though his duties continued to be much 
the same as before. Just prior to the attack of pneumonia from which 
he died on April 26, 1934, he had been assigned the task of air-condi- 
tioning the cars for the line. He had invented a portable journal jack 
and an oil-reclaiming machine. For six years he taught engineering 
classes at the Y.M.C.A. in Rocky Mount, many of his pupils being 
apprentices at the Emerson Shops. 

Mr. Stewart became a junior member of the A.S.M.E. in 1929. 
He was elected to the Phi Gamma Delta fraternity at the Georgia 
School of Technology, and was a member of the First Baptist Church 
at Rocky Mount, and a second lieutenant in the infantry. 

Surviving Mr. Stewart are his widow, the former Miss Sybil Ray, 
of Florence, 8.C., whom he married in 1925, and two sons, James 
Ray and Charles Daniel Stewart. 


FRANK H. STREINE (1878-1935) 


Frank H. Streine, a member of the A.S.M.E. since 1919, was in- 
stantly killed in an automobile accident on June 14, 1935. 

Mr. Streine was born in Leipsic, Germany, on November 17, 1878, 
the son of Frank Edward and Emily Emma Streine. He was a citi- 
zen of the United States, however, by virtue of his father’s naturaliza- 
tion. His early education was secured in the public schools of New- 
port, Ky., and his technical training at the Ohio Mechanics Institute, 
Cincinnati, where he spent two years. He served an apprenticeship 
with the G. A. Gray Co., Cincinnati, planer manufacturers, and 
worked for the company as a journeyman until 1901. During the 
next six years he was employed by the Crawley Book Machinery Com- 
pany at Newport as a journeyman machinist and from then until 
1912 he worked in different shops in Cincinnati to increase his knowl- 
edge of other types of machinery. In 1912 and 1913 he was super- 
intendent of construction of water works at Newport, having charge 
of the rebuilding of several large reservoirs and a pump house, and 
the installation of a water purification plant. 

Returning to Cincinnatiin 1914, Mr. Streine became chief draftsman 
for the Bickett Machine & Manufacturing Co. there, and subsequently 
he was made assistant manager of the plant and helped to bring out 
several machines for work on paper goods, as well as milling machines 
and planers. With all of this experience behind him, he organized 
the Streine Tool & Manufacturing Co., in New Bremen, in 1918, and 
served as its vice-president and general manager until 1934, when the 
Mill Equipment Company, of New Bremen, was organized with Mr. 
Streine as president and general manager. At the time of his death 
he was manager of the Sheet and Strip Finishing Machinery Division 
of the Mackintosh-Hemphill Company, of Pittsburgh, Pa. He heid 
several patents on metal-shearing machinery. 

Mr. Streine was keenly interested in education. He was founder 
of the New Bremen Parent-Teacher Association and served terms on 
both the local and county boards of education. He belonged to the 
Ohio Chamber of Commerce, the Civic Association and Square and 
Compass Club in New Bremen, and to the Masonic Order, Order of 
the Eastern Star, and Knights of Pythias. 

Surviving Mr. Streine are his widow, Caroline Louise (Berndt) 
Streine, whom he married in 1918, and four children by a previous 
marriage, Dorothy (Mrs. Clyde) Griffin, and Frank, Elizabeth, and 
Carol Streine. His first wife, Emma Clara Berndt, died in 1917. 


JOHN CHARLES STROTT (1894-1935) 


John Charles Strott, assistant to the electrical engineer of the Con- 
solidated Gas Electric Light & Power Co. of Baltimore, Md., died 
suddenly on June 16, 1935, at his home in that city. His widow, 
Rosetta (Whitney) Strott, survives him. Mr. Strott was born in 
Baltimore on October 15, 1894, and received his technical education 


RI-83 


at the Baltimore Polytechnic Institute and the Maryland Institute, 
from which he was graduated in 1913. 

During his school period and the two years following his graduation 
he was employed successively in the Electric Department of the Con- 
solidated Gas Electric Light & Power Co.; as draftsman for the York 
Engineering Company, York, Pa.; as designer and inspector for the 
G. E. Painter Co., Baltimore, working on power plants, heating and 
ventilating, electrical and plumbing equipment; similar work for 
the James Posey Company; and as assistant shop engineer for the 
J. G. Brill Co., Philadelphia, in connection with the manufacture of 
ammunition. 

In October, 1915, Mr. Strott became assistant works engineer for 
the U.S. Industrial Alcohol Co., Curtis Bay, Md., with whom he had 
risen to the position of chief engineer in 1917, when he entered the 
U.S. Navy, Bureau of Yards and Docks, Washington, D.C. In the 
following year he served on the staff of the Bureau of Aircraft Produc- 
tion and was engineer inspector until early in 1919, when he became 
chief of construction of the Wrigley Chemical Plant of the Bon-Air 
Coal & Iron Corp. at Lyles, Tenn. In the fall of 1919 he returned to 
Maryland to serve as chief engineer of the American Cellulose & 
Chemical Manufacturing Co. at Cumberland. For a short period 
in 1922 he worked on the perfection of a hand stoker for the Patterson 
Hand Stoker Corporation, Baltimore. Since September, 1922, he 
had been connected continuously with the Engineering Department 
of the Consolidated Gas Electric Light & Power Co. of Baltimore as 
designer of power plants and assistant to the electrical engineer. 

Mr. Strott became a junior member of the A.S.M.E. in 1916 and an 
associate-member in 1925. He served as chairman of the Baltimore 
Section during the year prior to his death and had been reelected to 
that office for another year. He was also a member of the American 
Institute of Electrical Engineers and the Baltimore Engineers Club. 

An obituary published in The Baltimore Engineer for August, 1935, 
includes the following paragraph: 

“‘Mr. Strott combined a broad knowledge of engineering with a 
kindly and cooperative attitude toward his fellow men. His fine civic 
spirit, and the confidence in and appreciation of him by his fellow- 
men, is evidenced by the leading part he took in the work of the Emer- 
gency Relief Committee of Technical Societies in Maryland and by his 
selection to the presidency of his neighborhood improvement associa- 
tion. He was an active worker for the Engineers Club and was highly 
esteemed. We shall mourn him as a true friend and ever helpful 
associate whose sterling qualities will long be remembered.” 


CARL SULZER-SCHMID (1865-1934) 


Carl Sulzer-Schmid, president of Sulzer Brothers Limited of 
Winterthur, Switzerland, and Member of the National Council in 
the Swiss Parliament since 1917, died at his home at Winterthur, 
Switzerland, on October 30, 1934. Dr. Sulzer hai been a member 
of the A.S.M.E. since 1891. 

Jakob Carl Sulzer, the son of Heinrich and Bertha Sulzer-Steiner, 
was born in Winterthur, Canton of Zurich, on the 4th of February, 
1865. His father, Heinrich, was the eldest son of Johann Jakob Sul- 
zer, one of the founders of the famous engineering works bearing the 
Sulzer name now over one hundred years old. He attended the local 
schools, graduating from the high school at Winterthur in 1882 and 
the Académie in Lausanne in 1884. After his first military train- 
ing he spent two years in the Sulzer Bros. shops acquiring skill as a 
molder, boilermaker, blacksmith, and machinist. Entering the 
Royal Polytechnicum at Dresden, Germany, in 1887, he graduated 
from the engineering course in 1889. 

Returning to Sulzer Bros. he spent the next two years in Germany, 
Austria, England, and other European countries erecting and testing 
engines, boilers, and ice machines made by that company. In the 
fall of 1890, he traveled extensively in Canada and the United States, 
ending his American experience with five months at the Brown & 
Sharpe factory at Providence, R.I. It was during this period that his 
application for full membership was presented to the Society by H. A. 
Hill of Hill, Clark & Co. 

Returning to Winterthur in June, 1891, he entered into active par- 
ticipation in the management of Sulzer Bros., ‘becoming a partner in 
the firm in 1895. In the next 20 years he took a leading part in the 
development of the business, and on the conversion of the partnership 
into a limited liability corporation in 1914 was elected president of 
the company, which position he held at the time of his death. 

At the time he became an active factor in the development of Sul- 
zer Bros., boilers, engines, and ice machines represented the largest 
part of their product. The foundry was large and did much for other 
manufacturing concerns. He took a leading part in engineering de- 


velopments of his firm, especially in boilers, steam engines, and cen- 
trifugal pumps, and many other lines of manufacture were soon added 
In the 40 years of his management the 


to the products of the firm. 
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plant grew from about 2000 hands to over 6000, while the productivity 
increased much more. He was particularly interested in the wel- 
fare of the workmen, and would point out three generations of 
one family at work in the shop. He told the writer that he knew 
personally every employee, their wives, and many of the older children. 
His personal interest was also shown in the schools, cooperatives, and 
local welfare societies. 

He was an influential member of the Swiss Boiler Owners’ Association 
for 30 years and since 1913 had been very active in the Swiss Associa- 
tion of the Employers in Engineering and Metal Industries. He had 
been president of the Swiss Association of Machinery Manufacturers 
since 1915. He was a member of the Zurich Chamber of Commerce 
and of the Swiss Chamber of Commerce. He became a member of 
the Verein deutscher Ingenieure in 1899, was a recipient of the V.D.I. 
medal, and later a director of the Deutsches Museum. In 1927 he 
received from the Federal Technical University in Zurich the honor- 
ary degree of doctor of engineering. Dr. Sulzer was most sym- 
pathetic toward international standardization and took an important 
part in the formation of standard test codes and other engineering 
standards. 

Dr. Sulzer made many firm friends in the few months of his Ameri- 
can visit. These friends he kept and the list grew, for the welcome at 
Winterthur was warm and he delighted in showing courtesies to his 
American visitors. His methods of thinking were as familiar to his 
American friends as his speech. He was equally at home in the three 
Swiss languages. 

An ardent patriot, he gave freely of himself in the councils of the 
republic, the affairs of the trade organizations, chambers of commerce, 
and technical societies. Conservative in scientific and technical 
matters, in politics, and in trade, he was ever ready to recognize merit 
in newer and better ideas, methods, and materials, while his ripe 
judgment, wide experience, and rugged honesty kept him clear of 
fallacies and change without solid reason. His wide sympathy en- 
deared him to his friends and neighbors, his associates in the manu- 
facturing trade, and indeed all who knew him. 

He is survived by his wife, two sons, and four daughters, and a num- 
ber of grandchildren.— [Memorial prepared by Gro. A. OrROK, New 
York, N.Y., Mem. A.S.M.E.]} 


EVERETT WILES SWARTWOUT (1885-1935) 


Everett Wiles Swartwout was born at New City, Rockland 
County, N.Y., on September 9, 1885, the son of Frank Green and 
Margurette E. (Wiles) Swartwout. He attended the Scarsdale 
School and White Plains High School and was graduated from Colum- 
bia University in 1908 with a degree in mechanical engineering. He 
was a member of Tau Beta Pi, honorary engineering society, and of 
the Delta Upsilon fraternity. 

Mr. Swartwout’s engineering experience began in the summer of 
1907, during the early part of which he worked for the Union Rail- 
road (Tarrytown, White Plains, and Mamaroneck), repairing and 
overhauling machinery at the power house in White Plains. Later 
in the summer he was on the maintenance force at the Hotel Astor, 
New York. During the summer following his graduation he worked 
on multivane exhaust and pressure blowers for the Sirocco Engineer- 
ing Company, New York, and from October first until early in 1909 
was purchasing agent for that company. The remainder of that year 
was spent in the employ of the American Blower Company, New York, 
as sales engineer, and the A. D. Granger Co., also of that city, in 
connection with the erection of engines, boilers, steam piping, stacks, 
and power plants in general; he was draftsman and assistant super- 
intendent of construction during the first month and subsequently 
superintendent of construction. 

In 1910 Mr. Swartwout began a period of ten years’ employment 
with the Nordberg Mfg. Co. He engaged in sales work in the New 
York office until August, when he went to Milwaukee to spend the 
remainder of the year in the shops and engineering department of 
the company. He then took up sales work again and in July, 1911, 
was appointed manager of the Chicago office. In 1915 he returned to 
the New York office, assigned to sales and engineering in that ter- 
ritory. He was transferred to the Philadelphia office as manager in 
1918 to handle business for the Emergency Fleet Corporation and 
other special war sales and engineering work. This office was closed 
on December 31, 1918, and Mr. Swartwout terminated his connec- 
tion with the Nordberg Company on August 31, 1919. 

During the next two years he was associated with the National 
Aniline & Chemical Co., part of the time as test superintendent at 
the Marcus Hook, Pa., plant, and the remainder as assistant con- 
struction engineer at the home office of the company in New York. 

In 1921-1922, Mr. Swartwout assisted the Engineering Societies 
Employment Service of the four national engineering societies in 
organizing the Volunteer Committee, a group of members of the 
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societies in New York devoted to canvassing employers for positions 
for unemployed engineers. Mr. Swartwout served as the first chair- 
man of the group and subsequently as chairman of its executive com- 
mittee. He also represented the A.S.M.E. on the ‘‘Joint Committee of 
Eight’”’ of the Engineering Societies Employment Service. 

In addition to the private research and development in the years 
following the close of the War, Mr. Swartwout did some work for the 
Lamson Company, Arca Regulators, Inc., and the K. B. Pulverizer 
Co. In 1924 he became manager of the New York office of the 
Connersville Blower Co. When this company merged into the 
Stacey Engineering Company he retained the position of New York 
manager, and when the Stacey company merged into the International 
Derrick & Equipment Co. of Columbus, Ohio, in 1931, he became 
chief engineer, division sales manager, and special negotiator for the 
new company, the International Stacey Corporation, with head- 
quarters at Columbus. His position was terminated through the 
action of a creditors committee in March, 1932, and he was not regu- 
larly employed until September, 1934, when he entered upon in- 
ventory work for the Westchester Lighting Company. This continued 
until about a month before his death on December 30, 1935. 

Mr. Swartwout made recognized notable improvements in 
signaling attachments for automobiles, uniflow steam engines, posi- 
tive pressure blowers and gas pumps, flexible couplings, and meters 
transmuting, mechanically or electrically, variable pressure and /or 
temperature values into values under standard conditions. 

Mr. Swartwout became a junior member of the A.S.M.E. in 1910, 
an associate member three years later, and a member in 1922. He 
was a representative of the Society at a conference on ‘‘Colors for 
Traffic Signals’’ called by the American Engineering Standards Com- 
mittee in 1922. He was also a member of The Society of Naval 
Architects and Marine Engineers, American Gas Association, White 
Plains Congregational Church, the Columbia and White Plains Uni- 
versity Clubs, and the Masonic fraternity. 

Mr. Swartwout married Amy Ruden Conklin of White Plains, 
N.Y., in 1912, and is survived by her and by two children, Betsey 
and Everett W. Swartwout, Jr. 


FRANK HENDRICKSON TAYLOR (1855-1934) 


Frank Hendrickson Taylor was born at Cincinnati, Ohio, on No- 
vember 20, 1855. His father, David Hendrickson Taylor, was de- 
scended from Matthew Taylor, who came to this country from 
England in 1664 and settled in East Jersey. His mother, Laura 
Carroll, was of Irish descent, granddaughter of Edward Carroll, 
who emigrated to Ohio in 1801. Both families had intermarried with 
Quakers and it was therefore natural that he should be sent to Haver- 
ford College, which was founded in 1833 by the Society of Friends. 

Following his graduation from Haverford with an A.B. degree in 
1876, Mr. Taylor entered the Class of 1877 at Harvard University. 
He took high rank in the work of the class and was considered the 
best cricket player in college. He had been devoted to his game at 
Haverford, where it is the leading sport, and continued to play it 
nearly to the end of his life. 

After receiving his A.B. from Harvard in 1877, Mr. Taylor re- 
turned to Cincinnati, where he spent the next five years. He re- 
moved to Philadelphia in 1882 and for the next fifteen years was en- 
gaged in structural-steel and machine-shop work and sales engineering 
in connection with cranes, chain hoists, and similar machinery. In 
1897 he became associated with the Westinghouse Electric & Manu- 
facturing Co., at East Pittsburgh. 

‘“‘He was concerned principally with commercial activities and sales 
as vice-president. He organized and systematized the sales depart- 
ment. He inaugurated salesmen’s meetings at the factory in which 
sales representatives from different parts of the country came to- 
gether for a week of conference and discussion. An important feature 
was the presentation by the engineers of the company of their recent 
products with explanation and discussion of construction and operat- 
ing features. Mr. Taylor encouraged the salesmen to be self-reliant 
and to regard sales as a great game to be played with the intensity 
and enthusiasm with which he himself played cricket. 

He took an interest in the welfare and opportunities for employ- 
ees. He established the ‘“‘Casino’’ near the works which comprised a 
restaurant, billiard parlors, and a night school. The latter has be- 
come the Westinghouse Technical Night School, an outstanding 
school of its type. Mr. Taylor took sympathetic and constructive 
interest in the development of the Westinghouse Club for young 
college men and its Electric Journal. 

During his last four years with the company he was the senior 
and executive vice-president and was a member of the Board of 
Patent Control under which there was a joint use of patents by the 
General Electric and Westinghouse companies. The decade of his 
Westinghouse service was a prosperous one for the company—its 
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business increased tenfold and it became able to earn and pay 10 
per cent dividends. 

Mr. Taylor left the Westinghouse organization in 1906 and for 
about a year served as vice-president of the Yale & Towne Manu- 
facturing Co., taking over administrative responsibilities at the Stam- 
ford, Conn., works. 

Then, in 1909, he became general manager of Linotype and Machin- 
ery, Limited, of London. During six years with this company he 
traveled extensively in Europe, spending some time in Russia where 
he made a profound study of commercial conditions. Early in the 
World War he converted the linotype works at Manchester into a 
plant for national service, and he instituted a system of uniform sci- 
entific management in the English munition plants. 

In 1915 Mr. Taylor was elected president of the S. S. White Dental 
Manufacturing Co., of Philadelphia, and he remained with that or- 
ganization for more than ten years. He retired in 1926, but three 
years later he was back in active business as chairman of the executive 
committee of the Hall Electric Heating Company, Inc., an affiliated 
company of the General Electric. Later he served as chairman of 
the Liquidating Committee of the company. 

‘Mr. Taylor was considered one of the most outstanding authorities 
in the United States on all subjects connected with foreign trade. 
From 1917 nearly to the end of his life, he rendered notable public 
service in connection with foreign commerce. He was a member of 
the National Foreign Trade Council, working for the welfare of over- 
seas commerce, from 1917 to 1919. He became a director, in 1917, 
and later one of the vice-presidents of the American Manufacturers’ 
Export Association, which he served until 1926, improving methods 
of the export business of this country and doing his best ‘‘to encour- 
age the development of the international mind in the United States.” 
He gave valuable service to the United States Chamber of Commerce 
from 1919 to 1926, first as a member of the Departmental Committee 
for Foreign Commerce, and secondly, as a member of a special com- 
mittee to study and report on the adoption of the metric system in 
the United States. He was a member of the Advisory Committee 
on Foreign Trade of the United States Department of Commerce, 
under Secretary Hoover, and chairman of the Advisory Committee 
to the Philadelphia District Office of the Department. He also was a 
member of the Foreign Trade Committee of the Philadelphia Cham- 
ber of Commerce from 1920 to 1927, and was chairman the last year. 

During the years 1917-1919 he was chairman of the Committee on 
Dental Instruments of the Medical Section of the Council of 
National Defense, and president of the War Emergency Association 
of Dental Manufacturers. 

In 1926 Mr. Taylor was nominated by the Philadelphia Chamber of 
Commerce to serve on the Executive Committee of the Ocean Traffic 
Bureau of the Port of Philadelphia. He resigned in 1927 and during 
the next four years served as a member of Inter-American High Com- 
mission. He was assigned to the Committee for Uruguay and sat 
with this committee in both the third and fourth Pan-American Com- 
mercial Conferences. 

Mr. Taylor had been a member of the A.S.M.E. since 1908 and was 
a former member of the American Institute of Electrical Engineers. 
He was a member of the Engineers’ Club, New York, for many years, 
and one of its trustees from 1905 to 1909. He was also a member of 
the Harvard Club of New York, the Philadelphia Cricket Club, and 
the Racquet Club of Philadelphia, and was a founder of the Penn 
Athletie Club, Philadelphia. In 1930 he was awarded the Belmont 
Trophy by the Associated Cricket Clubs of Philadelphia, a silver 
plate inscribed ‘‘To Frank H. Taylor in recognition of his long and 
useful services to cricket extending over a period of more than fifty 
years.”’ In 1934, at Haverford College commencement, he made an 
address and unveiled a tablet to William Carvill, who laid out and 
planted the Haverford Campus and who introduced cricket at the 
College. 

In England he was a member of the London Chess Club, the Devon- 
shire Club, and the Stoke Pogis Golf Club, and of several cricket clubs. 

Mrs. Taylor relates the following incident: ‘‘When general mana- 
ger and director of Linotype and Machinery, Ltd., of England, a 
strike seemed impending. He went up to the Manchester Works 
and organized a Cricket Club, joined it himself, and went out and 
played with the workmen. All were happy and the strike faded 
away. It was not the only time that he found a straight path to the 
heart of the Englishman through his fondness for cricket.”’ 

When the fiftieth anniversary of his marriage to Rebecca Nichol- 
son was celebrated in 1930, Mr. Taylor wrote to his Class at Harvard: 
“All my family are living and well, viz.—the two old ones, four sons, 
their four wives, and thirteen grandchildren—a happy tribe of twenty- 
three."’ 

Of his four sons—William N., F. Carroll, Norman H., and Roger 
W.—three were graduated from Harvard. Mr. Taylor said once that 
he always felt that his one year at Harvard was invaluable, introduc- 


ing him into a new world, and he evidenced a warm interest in the 
university throughout his life. 

Mr. Taylor died in Philadelphia on September 18, 1934. A notice 
published by The Friend, of Philadelphia, included the following 
tribute: ‘His personal charm and cheerfulness and friendly greeting 
made him beloved, and numerous young men have expressed grati- 
tude for the inspiration of his example and advice. It is needless to 
say that his children and grandchildren gave him devoted love and 
admiration. During his business life, about two hundred thousand 
different people worked for him, and his simple note regarding this is: 
‘I enjoyed my work and they enjoyed theirs.’ ”’ 


WILLIAM HENRY THOMFORDE (1881-1934) 


William Henry Thomforde, associated with the Good Road Machin- 
ery Corporation, Kennett Square, Pa., from October, 1933, to Febru- 
ary, 1934, when illness necessitated his going to a hospital, died on 
May 23, 1934. Surviving him are his widow, Charlotte M. (Starr) 
Thomforde, whom he married in 1902, and two children, Ernest Starr 
and Hilda Ruth Thomforde. 

Mr. Thomforde was a recent member of the A.S.M.E., having 
joined the Society with the grade of member in 1932. He also be- 
longed to the Masonic fraternity and Odd Fellows, being a past-mas- 
ter of the Beacon (N.Y.) Lodge of the latter, and was a former member 
of the Chelsea (N.Y.) Yacht Club. 

Mr. Thomforde was born at Englewood, N.J., on June 27, 1881, 
son of Ernest A. and Nellie (Ruhling) Thomforde. He attended the 
grammar and high schools in Englewood and took a mechanical engi- 
neering course through the International Correspondence Schools. 

After some years’ experience as a draftsman on layouts for heating 
and ventilating systems for railroad stations, and power-plant, water- 
supply, and coaling-station layouts, Mr. Thomforde took a position 
in 1913 with the Dutchess Tool Company at Beacon, as designer of 
machinery for bakeries. He remained there until May, 1918, when 
he became chief draftsman and mechanical engineer in charge of the 
engineering department of the J. H. Williams Drop Forging Company, 
Brooklyn, N.Y. He designed dies, new tools and tool holders, 
wrenches, clamps, and gages for the company. During 1920 and 
1921 he was chief draftsman for the Eisemann Magneto Corporation, 
Brooklyn, where his work included the design of magnetos and gener- 
ators for use on automobiles and tractors of all kinds. 

Early in 1922 Mr. Thomforde returned to the Dutchess Tool Com- 
pany and for eight years was in charge of design and experimental and 
testing work there. From the beginning of 1930 until early in 1932 he 
was engaged in designing special machinery for making linoleum and 
cork products for the Armstrong Cork Company, Lancaster, Pa. <A 
period of unemployment followed, prior to his connection with the 
Good Road Machinery Corporation. 


ERWIN WILLIAM THOMPSON (1859-1935) 


Erwin William Thompson, a pioneer in the development of the 
cotton and cottonseed-oil industry of the South, died at the home of 
his daughter, Francis Douglas (Mrs. C. D.) Lyle, College Park, Ga., 
on February 21, 1935. He was born in Colquit County, Georgia, on 
April 15, 1859, the son of William W. and Sarah (Graves) Thompson. 

Mr. Thompson was graduated from Cornell University in 1881, and 
seven years later married Miss Eugenia Douglas Ladson of Cairo, 
Ga. He is survived by his wife and daughter, a grandson, D. C. Lyle, 
and three great-grandsons, Dan, Bruce, and Erwin Lyle. 

While many of those interested in the cotton industry were con- 
tent to engage in the production and sale of the fiber, Mr. Thompson 
extended his interest into that of cotton by-products. Soon after 
graduating from Cornell, he designed, built, and operated one of the 
early successful cottonseed-oil mills at Thomasville, Ga. 

Out of this experience, he soon was recognized as an authority on 
cottonseed-oil production, and was called upon to design and manage 
other plants of a similar nature in the South. Included in these ex- 
periences was the management of the mill of the American Cotton 
Oil Company of Augusta, Ga., the construction and management of 
the Southern Cotton Oil Company at Montgomery, Ala., and later 
the management of other Southern Cotton Oil Company Mills at 
Houston, Tex., Columbia, S.C., and Charlotte, N.C. 

After these years of experience, he was made auditor and construc- 
tion engineer of the Southern Cotton Oil Company, with headquar- 
ters in New York, N.Y. 

Subsequently, he served as manager of the textile department of 
Gregg and Company, New York, and as chief engineer with D. A. 
Tompkins Company, New York. 

Throughout his active life, he was called upon repeatedly to design 
and build plants for the production of cottonseed oil. His close asso- 
‘ciation with the industry brought him international recognition and 
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finally he was appointed to a post in the United States Department 
of Consmerce in 1913, as an authority on cotton products. As 
representative of the Department of Commerce he spent much of his 
time on special investigations in Europe and as a Commercial Attaché 
to American Legations and Embassies in Northern Europe. 

From the many life experiences he gleaned the information which 
he carefully prepared for numerous contributions to the commercial 
and technical press and for three books—‘‘Bookkeeping by Machin- 
ery,” “Edible Oils in the Mediterranean District,’’ and ‘‘Cotton 
Seed Products and Their Competitors in Northern Europe.” 

Mr. Thompson retired from active service in 1930 to be with his 
family and friends in Georgia. His membership in The American 
Society of Mechanical Engineers dated back to 1884, thus by the time 
of his passing he had been a part of the activity of the Society for 
fifty-one of the fifty-five years of its existence.— [Memorial prepared 
by Pror. W. R. Wootricn, Knoxville, Tenn., Mem. A.S.M.E.] 


WILLIAM DAVID THORNHILL (1908-1934) 


William David Thornhill, son of Mr. and Mrs. W. D. Thornhill, 
was born on February 24, 1908, at Bluefield, W.Va. He was gradu- 
ated from the University of Virginia in 1932 with a B.S. degree in 
engineering. He served as vice-chairman of the A.S.M.E. Student 
Branch at the University in 1931-1932 and became a junior member 
of the Society following his graduation. He was also president of the 
Honor Committee of the University, vice-president of the engineer- 
ing class of 1932, and Regent of the Pi Chapter of Theta Tau and a 
delegate to the 1931 convention of the fraternity. 

At the time of his death on January 1, 1934, Mr. Thornhill was 
employed by the Lillybrook (W. Va.) Coal & Coke Co. 


WILLIAM MYNN THORNTON (1851-1935) 


William Mynn Thornton, whose death occurred on September 11, 
1935, at Charlottesville, Va., was born in Cumberland County, near 
Farmville, Va., on October 28, 1851. His father, John Thruston 
Thornton, Lieutenant Colonel of the Third Virginia Cavalry, fell at 
the head of his regiment at Sharpsburg, September 17, 1862. His 
widow, who was born Martha Jane Riddle of Petersburg, Va., lived 
until May 1, 1897. 

In his seventeenth year, 1868, William Thornton won his A.B. from 
Hampden-Sydney College, which was later to confer upon him the 
honorary degree of doctor of laws. He attended the University of 
Virginia from 1868 to 1870, and from 1871 to 1873, graduating in a 
number of schools without applying for a degree (a frequent choice at 
that time), during the first period, and pursuing special engineering 
studies in the second. He was as a student a member of the Phi 
Kappa Psi fraternity and of the Jefferson Literary Society. For later 
distinction, he was elected to the William and Mary Chapter of Phi 
Beta Kappa, and to the Raven Society of the University of Virginia, 
neither of which existed at the institutions of his student years. 

In 1871-1873, he was assistant in mathematics and also, during the 
second session, in applied mathematics. Of his work at the Univer- 
sity, he wrote that he took ‘‘all the mathematics then taught (pure, 
mixed, and applied), all the Natural Philosophy, all the Chemistry, 
except Analytical Chemistry, and had completed Latin under Peters, 
and Greek and German under Gildersleeve.’’ He left the University 
in June, 1873, expecting to enter the engineering field. He found 
the gates closed and barred: a financial panic had swept over the 
country, and engineers everywhere were idle. He spent the whole 
summer hunting vainly for a job; there were no jobs, great or small. 

In his emergency he was saved by an offer to teach at McCabe’s 
University School in Petersburg. After completing his studies at 
the University of Virginia in 1873 he taught at the Bellevue High 
School in Bedford County for a year. He went into college teaching 
from Bellevue in 1874 when he was elected professor of Greek at David- 
son College, North Carolina. After one session there, he was called 
to the University of Virginia to become adjunct professor, and in 1883 
professor of applied mathematics and civil engineering. He per- 
formed the duties of that professorship until his retirement as profes- 
sor emeritus in 1931. Professor Thornton was chairman of the fac- 
ulty of the University of Virginia from 1888-1896, a position of import- 
ance in an institution that then had neither president nor dean. 
Under his direction the Engineering Department of the University 
was developed and expanded. It became a separate department after 
the election of a president for the University, in 1904. Professor 
Thornton became its dean and directed its policies and growth until 
his retirement. As a recognition of this important leadership, the 
engineering building bears the name of Thornton Hall. 

Special honors came to him in 1900 when he went as United States 
Commissioner to the International Exposition in Paris, and in 1904 
when he was a member of the jury of awards in civil engineering at‘ 
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the St. Louis Exposition. He was frequently a speaker on occasions 
of importance. Two of his Phi Beta Kappa addresses (one delivered 
before the mother chapter at William and Mary on The Old Humani- 
ties and The Humane Sciences) were published in the Alumni Bulle- 
tin of the University of Virginia to which he was often a contributor. 
Among the articles on biographical subjects in that periodical by 
Professor Thornton were sketches of John A. Broadus, John R. 
Thompson, Thomas R. Price, William H. McGuffey, George Fred- 
erick Holmes, John W. Daniel and Charles W. Kent. He contrib- 
uted an article on Basil L. Gildersleeve to the Library of Southern 
Literature. His address, ‘‘Who Was Thomas Jefferson?’’ was pub- 
lished by the State Bar Association and in a separate copyright edi- 
tion. He wrote several times on the Honor System of the Univer- 
sity: The ‘Genesis of the Honor System,’’ 1904, was printed in 
the Marion Military Institute Bulletin and ‘‘The Honor System at the 
University of Virginia in Origin and Use’’ in the Sewanee Review, 
January, 1907. 

He was associated with Professor Ormond Stone in founding the 
Annals of Mathematics in 1884 and in editing the first twelve volumes. 
He was also a contributor to Nouvelles Annales des Mathématiques, 
Van Nostrand’s Magazine, the Railway Gazette, and other publications. 

Professor Thornton became a member of the A.S.M.E. in 1900 and 
was chairman of the Virginia Section of the Society in 1921-1924. 
He was a member of the Mathematical Association of America. 

Dr. Thornton was married twice. His first wife, Eleanor Rosalie 
Harrison of the University of Virginia, whom he married in 1874 and 
who died in 1920, had six children: Dr. John Thruston Thornton 
of Wheeling, W.Va., Mrs. Eliza Carter Thurman of Charlottesville, 
Eleanor Rosalie Thornton of Boston, Janet Thornton of New York, 
Dr. William Mynn Thornton, Jr., of Johns Hopkins University, 
and Charles Edward Thornton of New York. He married Miss 
Gertrude Waller Massie in 1921. 

Dean Thornton’s distinction was threefold: As teacher and ad- 
ministrator in the Department of Engineering, as chairman of the 
faculty of the University of Virginia and leader in the general affairs of 
the University, and as a gentleman and scholar, unafraid——a speaker 
of force, a virile writer, and a rich personality. 

The foundations for a school of engineering had been laid by Colonel 
Charles S. Venable, who had been assisted by Leopold J. Boeck, an 
able and idiosyncratic Pole who became assistant professor in 1867 
and professor of applied mathematics in 1869. When on Professor 
Boeck’s retirement, William M. Thornton succeeded him, he com- 
pletely reorganized the course of study. ‘‘The first step,’’ he wrote 
later, ‘‘in carrying out this policy was to discard systematic lectures 
and build up the best possible course on the basis of good textbooks. 
The second step was to prescribe the best available American Manuals 
as guides for the practical exercises of the students. The third was 
to select for engineering theory what was then regarded as the most 
comprehensive, accurate, and scientific treatise in the English lan- 
guage—Professor Rankine’s Manuals. This course was followed 
without material modification for five years, until the desired tradition 
was firmly rooted in the life of the University. This end accom- 
plished, a more flexible treatment was adopted."’ It was not until 
1892, when in the basement of the Rotunda and Annex a new labora- 
tory was installed with equipment, under Professor Thornton's di- 
rection, that he felt the University could teach engineering practice 
in all essentials. After the fire in 1895 and the consequent equip- 
ping of a new mechanical building, and more especially with the ex- 
pansion that followed the election in 1904 of President Alderman, the 
engineering course was greatly developed through additions to the 
faculty and equipment. Dean Thornton's was the hand that guided 
this growth until just four years before the Department moved in 
1935 into the splendid modern building to begin another period of 
expansion. 

When Colonel Charles S. Venable was chairman of the faculty 
from 1876-1888, Professor Thornton was vice-chairman. In 1888 he 
succeeded to the chairmanship and was the active head of the faculty 
and University until 1896. Under these two administrators an ac- 
tive direction of the University’s affairs led to a vigorous reéovery 
from the postwar condition and to healthy growth in student attend- 
ance. It was a period marked by the Rotunda fire and the recon- 
struction that followed it. On Sunday morning at about ten o'clock 
October 27, 1895, the fire was discovered. In spite of heroic efforts 
the Annex was burned, the Rotunda wrecked, and about two thirds 
of the books in the library destroyed or lost. The Board of Visitors 
sent Dr. Thornton, chairman of the faculty, to New York and Boston 
to seek funds for a restoration. With Professor Echols, he served on 
the Visitors’ Building Committee from 1896 to 1898. He secured 
the money with which the Rouss Physical Laboratory and the Randall 
Building were built, money for equipping the new mechanical labora- 
tory, and generous donations from the Coolidge family of Boston and 
other friends of the University. 
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Professor Thornton was an exact and methodical teacher. His 
students remember him not only for his ready and tart wit but for 
the continuity which he preserved throughout his courses. He 
regularly reviewed the work of the preceding assignment and ex- 
plained that of the next, while the day’s assignment was demonstrated 
on the board. Asaspeaker, he was clear, incisive, and eloquent. He 
spoke, as he wrote, with a mellow grace combined with a hard bril- 
liance that at times flashed out a truth with subtle ruthlessness. He 
belonged to a generation of Virginians who were not made in one 
mold and whose personalities were always at least as important as 
anything they did. They had distinction of manner and bearing, as 
well as of mind and achievement. They were dominating men, vivid 
and various in the manifestations of their individualities. Most of 
them were free from the qualities that attend self-exploitation and 
pompousness: but their presence was felt wherever they were, and 
a quiet dignity was more impressive, with its unconsciousness of self 
but expectation of due consideration, than any amount of conscious 
self-importance could have been. There is a story told of Dean 
Thornton's being called up once by a green official of an educational 
agency who wished to have him speak on some occasion. The tele- 
phone conversation was maladroitly begun, ‘‘Professor Thornton, I 
can use you next week “You can?"’ came the clear, crisp re- 
sponse. ‘‘I have never to my knowledge been used yet.’’ It is not 
likely that in all his life he ever had been. He was a man who stood 
on his own feet and walked in no one’s tracks.—[From a memorial pre- 
pared by James SouTHALL WILSON, member of the faculty of the 
University of Virginia, for the University Alumni News. | 


GEORGE TIPPETT (1873-1935) 


George Tippett was born on June 23, 1873, at Cornwall, England, 
son of William James and Matilda (Binney) Tippett, and was edu- 
cated in that country. 

His first position in the United States was at the Mt. Hope (N.J.) 
mines of the Empire Steel & Lron Co., where he was general master 
mechanic from 1899 to 1907. During the next year he was master 
mechanic of the Belmont Tunnel, one of the tubes under the East 
River, connecting Manhattan with Long Island City. 

In 1908 Mr. Tippett established his own business, the George 
Tippett Company, contractor for the installation of power plants and 
heating plants. With his office at Astoria, he became well known on 
Long Island for his exceptional ability in the field of heating. He 
contracted for installations in many large apartment houses on the 
Island and did some work in New York also. 

Mr. Tippett became a member of the A.S.M.E. in 1923 and be- 
longed to the Masonic fraternity. He was an able cornetist. 

Struck by an automobile, Mr. Tippett was instantly killed at Devon, 
Conn., on November 22, 1935. He is survived by his widow, Louise 
(Nye) Tippett, whom he married in 1917, and by a daughter, Lucille. 


ARTHUR JEAN TOWNSEND (1887-1935) 


Arthur Jean Townsend, a notable contributor to the development 
of modern steel manufacture, died at the Harper Hospital in Detroit, 
Mich., on June 1, 1935. Since early in 1933 he had been vice-presi- 
dent and general manager of the Rotary Electric Steel Company, 
with whose president, H. M. Naugle, he had been associated since 
1916 in the development of numerous processes and equipment used 
in the steel industry. Outstanding among these was the develop- 
ment of the wide stripsheet mills, the first installation of which was 
made at Butler, Pa., by the Columbia Steel Company of Elyria, Ohio. 
This installation was the forerunner of the present stripsheet mill 
development, one of the leading accomplishments in the steel indus- 
try to date. 

Another achievement of Mr. Townsend and Mr. Naugle of particu- 
lar importance was the rotary slitting process of producing ribbed 
expanded metal lath, which they worked out in the early part of 1920. 
This was the forerunner of the expanded beam section the patents on 
which were later turned over to the Jones & Laughlin Steel Co., and 
which is now being used extensively in the building industry. 

Many other processes and machines were of importance in that 
they furthered the progress of the industry. Those on making semi- 
finished or finished steel products and on improvements in centrifugal 
molding apparatus and in making blooms, slabs, and billets were 
patented in many countries. 

Mr. ‘Townsend was born at Apollo, Pa., on October 5, 1887, son of 
Cort W. and Elsie (Kline) Townsend. He attended Ohio University 
for a time and then took the apprenticeship engineering course of the 
Westinghouse Electric & Manufacturing Co. From the time he 
completed this course in 1909 until 1916 he was connected succes- 
sively with the Canadian Sheet Steel Corp., Ltd., Morrisburg, On- 
tario. Canada, the Portsmouth (Ohio) Steel Company, and the Ber- 
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ger Manufacturing Company, Canton, Ohio. His work for these 
companies related to the construction and operation of mills and 
power stations. 

From 1916 to 1922 Mr. Townsend was vice-president and works 
manager of the National Pressed Steel Company, of Massillon, Ohio, 
and during the next two years held a similar position with the Colum- 
bia Steel Company. In the spring of 1924 he was made general 
manager of this company, and at the close of 1925 was further ad- 
vanced to the office of vice-president and general manager of the 
Columbia Steel Company of Pennsylvania, also becoming vice-presi- 
dent of the Forged Steel Wheel Company of Pennsylvania. He re- 
tired in August, 1927, and for several years spent his time in travel. 
He entered business again in November, 1930, as vice-president and 
general manager of the newly organized Timken Holding & Develop- 
ment Co., with which he was connected until becoming associated 
with the Rotary Electric Steel Company in February, 1933. 

Mr. Townsend became an associate-member of the A.S.M.E. in 
1917, and belonged also to the American Institute of Electrical Engi- 
neers and to the American Iron and Steel Institute. His clubs in- 
cluded the Duquesne of Pittsburgh, Union of Cleveland, Detroit 
Athletic, Detroit-Canton Club, and Congress Lake Country and Red 
Run Golf Clubs. Golf was his favorite pastime. He helped a num- 
ber of young men to secure a college education. 


EDWARD GEORGE TREMAINE (1857-1935) 


Edward George Tremaine, a member of the A.S.M.E. since 1889, 
was born in the Williamsburg section of Brooklyn, N.Y., on January 
26, 1857, son of Dr. Edward Thomas Tremaine and Charlotte Eliza 
(Teare) Tremaine. At the age of seventeen he was apprenticed to 
A. T. Nichols & Co., of Williamsport, Pa. He was under instruction 
with the W. & A. Fletcher Co., New York, for six months and at the 
Pennsylvania Railroad locomotive shops at Renova, Pa., for two 
years. Completing his apprenticeship there in 1880 he returned to 
the Fletcher company in the position of journeyman machinist. 

He supplemented his early public school education with evening 
courses in mechanical drafting at Cooper Union, New York, during the 
years 1881-1883, and attended the Vermont State Normal School at 
Castleton for a time. 

In January, 1883, Mr. Tremaine began an association with P. Loril- 
lard & Co., tobacco manufacturers, Jersey City, N.J., which con- 
tinued until 1904 and again after 1912 until his death. Beginning as 
journeyman machinist, he rose in a few months to the position of 
foreman of the machine shop. He became assistant superintendent 
of design and construction and constructor of special machinery in 
1886. In 1900 he also took the position of chief engineer, in charge 
of power generation and transmission. 

Mr. Tremaine left the Lorillard company in 1904 and for eight 
years was engineer and designer of automatic machinery for the Auto- 
matic Weighing Machine Company, Newark, N.J. He returned to 
the Lorillard organization as general director and for many years de- 
signed power plants and their entire equipment, and branch factories 
in many parts of the United States. At the time of his death on 
December 25, 1935, he was serving the company as consulting engi- 
neer. 

Mr. Tremaine was very much interested in philately and pho- 
tography; the Brooklyn Institute of Arts and Sciences conferred a cer- 
tificate on him for his work in the latter field. 

Surviving Mr. Tremaine are his widow, Anna Wright (Linker) 
Tremaine, whom he married in 1890, and a son, Edward G. Tremaine, 
Jr., both of Wollaston, Mass. 


JAMES C. TUCKER (1877-1935) 


James C. Tucker, superintendent of the Masonic Home at Walling- 
ford, Conn., died at Boston, Mass., on August 31, 1935, while on a 
vacation trip. His widow, Ida E. (Shappee) Tucker, and a son survive 
him. 

Mr. Tucker was born at Jackson, Pa., on January 13, 1877. He was 
graduated from the State Teachers College at Bloomsburg, Pa., in 
1898, and spent the next five years as a teacher and principal in 
public schools. 

He began his engineering experience in 1903 as a machinist’s helper 
at the Allis-Chalmers Company at Scranton, Pa. A year there was 
followed by a year in Cuba as superintendent of a manganese mining 
company, and a year as draftsman in the coal mining ergineering 
department of the Delaware, Lackawanna & Western R.R. Co. 
From 1906 to 1910 he engaged in designing, drafting, and checking 
on steam turbines for the General Electric Company at Lynn, Mass. 

Mr. Tucker returned to the teaching profession in 1910 as assistant 
principal of the Lynn English High School, supervising and teaching 
drafting, machine-shop practice, woodwork, and mathematics. He 
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continued in that position until 1917, when be became director of the 
State Trade School at South Manchester, Conn. Two years later he 
took the position of director of vocational education of the Depart- 
ment of Education of the City of Bethlehem, Pa. During four years 
there he developed and established industrial training courses in the 
public school system in coordination with the Bethlehem Steel Cor- 
poration and other industries in that city. 

In 1923 Mr. Tucker was appointed general superintenden, of prison 
industries, Department of Public Welfare, Commonwealth of Penn- 
sylvania. He was in charge of all productive industries in the state 
penitentiaries and reformatories. During his five years in the office 
he moved and reestablished the automobile license tag industries; 
reorganized shoe, textile, and clothing industries; and established 
canning and furniture industries. 

In 1928 Mr. Tucker became general sales manager for the Farns- 
worth Company, heat reclamation engineers, Conshohocken, Pa. 
In 1929 he accepted a position as superintendent of Plant No. 2 of 
the Carrier Engineering Company, at Newark, N.J., where he re- 
mained until May, 1931, when he went to Meriden, Conn., to become 
assistant superintendent of the Connecticut School for Boys. He 
assumed his duties as superintendent of the Masonic Home in Janu- 
ary, 1934. 

Mr. Tucker became a member of the A.S.M.E. in 1928. He was 
also a 32d degree Mason, a past-president of the Meriden Kiwanis 
Club, and a member of the Rotary Club of Wallingford. 


ROBERT TIFFT TURNER (1886-1935) 


Robert Tifft Turner, vice-president and general sales manager of 
Shepard Niles Crane & Hoist Corp., Montour Falls, N.Y., died in 
New York, N.Y., on November 13, 1935. 

Mr. Turner was born in Elmira, N.Y., on August 5, 1886, the son of 
Robert Tifft and Helen E. (Boyd) Turner. He was graduated from 
the mechanical engineering course at Cornell *University in 1908 and 
later attended the Graduate School of Business Administration at 
Harvard University for a year (1912-1913). 

For a year after his graduation Mr. Turner was employed as a 
draftsman by the American-LaFrance Fire Engine Company, El- 
mira. He spent the summer and autumn of 1909 abroad, accompany- 
ing a mechanical engineer investigating European business practice. 

In the spring of 1910 he became a special apprentice with the Niles- 
Bement-Pond Company at the Pond Tool Works, Plainfield, N.J. 
From there he was sent to the Bement-Miles Works in Philadelphia 
and later in the year to the Niles Crane Works in that city. In all 
three plants he was engaged largely in assembly work. In December, 
1910, he was transferred again, to the Pratt & Whitney Co., at Hart- 
ford, Conn., where he worked first on assembly and later as a machin- 
ist in the production department, operating grinding and milling 
machines. In the fall of 1911 he demonstrated thread-milling ma- 
chines and turret lathes in Connecticut and Western Massachusetts 
and then was appointed salesman for the company in the New York 
State territory. 

After studying scientific management and accounting at Harvard 
during the winter of 1912-1913, Mr. Turner was located in the New 
York office of the Niles-Bement-Pond Company, as sales engineer for 
the foreign department. 

Mr. Turner had been associated with the Shepard Niles Crane & 
Hoist Corp. since March 1, 1917, when he became sales manager in 
the New York office. He served in a similar capacity in the Phila- 
delphia office from 1919 to 1921, when he was made sales promotion 
manager at Montour Falls. He was elected secretary and appointed 
general sales manager of the company in 1927 and two years later was 
elected vice-president. 

A veteran of the World War, Mr. Turner saw service in France as a 
member of the 52nd Pioneer Infantry, which he entered as a private 
and in which he was later commissioned a second lieutenant. 

Mr. Turner became an associate-member of the A.S.M.E. in 1916. 
He was a director of the Watkins State Bank and of the Watkins Glen 
Yacht Club. He belonged to the Harvard and Machinery Clubs in 
New York, and to several clubs in Elmira and vicinity. Surviving 
are two sisters, Mrs. H. H. Bickford and Miss Elizabeth U. Turner, 
and a brother, 8. G. H. Turner, all of Elmira. 


WARREN RUSSELL VALENTINE (1872-1935) 


Warren Russell Valentine, mechanical engineer for the Pittsburgh 
Plate Glass Company, with which he had been connected since June, 
1899, died at New Wilmington, Pa., on May 20, 1935. 

Mr. Valentine was born at Ithaca, N.Y., on October 26, 1872, son 
of Warren and Mary (Russell) Valentine. He was graduated from 
Cornell University in 1894 with an M.E. degree in electrical engineer- 
ing and for the next two years was director of the trade school and 
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instructor in mechanical! and freehand drawing at the New York 
State Reformatory at Elmira. He then entered the employ of E. C. 
Stearns & Co., manufacturers of bicycles and hardware, in Syracuse, 
N.Y., where he had charge of the selection, testing, inspection, and 
treatment of all material and finished parts of bicycles, and of the ex- 
perimental department. Leaving there in 1898 he was connected 
with the American Steel Casting Company, at Alliance, Ohio, as 
superintendent until becoming associated with the Pittsburgh Plate 
Glass Company. 

During the first part of his connection with the plate-glass industry, 
Mr. Valentine was assistant superintendent of Works No. 1 at 
Creighton, Pa. He laid out an installed electric equipment for chang- 
ing from steam-engine to motor drive and was in charge of the recon- 
struction of the plant. He then was transferred in the same capacity 
to Works 3 and 4 at Ford City, Pa. In 1902 he was advanced to the 
position of superintendent of the Fuel, Steam, Power and Light De- 
partment of Works 3-4 and 5 and during the following year designed 
and installed an ash handling system, gravity oiling system, and a 
table for grinding and polishing plate glass. From 1903 until 1926 
he served as superintendent of Shop No. 2 at Ford City. He de- 
signed and constructed the water-cooled casting table and roller in 
use in modern plate-glass plants, designed and constructed tables and 
runners for grinding and polishing, tables for cutting, frames and 
clamps for handling, and other plate-glass machinery. He took out 
patents on an annealing lehr, grinding runner, and on a process for 
briquetting cast-iron and steel borings. Since 1926 he had been lo- 
cated in the general office of the company at Pittsburgh. 

Mr. Valentine became a member of the A.S.M.E. in 1916 and be- 
longed to the American Society for Testing Materials. He was a 
Knight Templar and Shriner, and a member of the Cornell Alumni 
and the Keystone Club of Pittsburgh. He is survived by his widow, 
Alice (Ingram) Valentine. 


RICHARD M. VAN GAASBEEK (1877-1935) 


Richard M. Van Gaasbeek was born in Brooklyn, N.Y., on Sep- 
tember 17, 1877, the son of Henry Reynolds and Emma Maria Van 
Gaasbeek. After attending public school in Brooklyn he served a 
five-year apprenticeship with John Lee’s Sons in that city and was 
employed in bench and machine woodworking in New York and 
Elizabeth, N.J., until 1904. During the next four years he was fore- 
man of the Burwell Building Company in Brooklyn and from then 
until 1914 carried on his own business as general contractor. 

During these years of practical experience Mr. Van Gaasbeek was 
also taking correspondence and evening courses in contracting, car- 
pentry and joinery, architectural drawing, and training of trade 
teachers. In 1914 he became an instructor in woodworking at Pratt 
Institute, Brooklyn. He conducted classes in both day and evening 
school and a few years later became head of the department of wood- 
working and supervisor of evening classes. He retired in June, 1935. 
following a leave of absence during the second semester of the year 
1934-1935, and died on August 23, 1935. 

Of Mr. Van Gaasbeek’s years at Pratt Institute, S. S. Edmands, 
director of the School of Science and Technology, wrote: 

‘‘Mr. Van Gaasbeek was an exceptionally accomplished teacher of 
carpentry, millwork and joinery, serving Pratt Institute’s School of 
Science and Technology in such capacity for twenty years, including 
fourteen years as head of the School's department of wood shop prac- 
tice. Previously, he had become an expert carpenter and wood- 
millworker by trade. He carried into his teaching a remarkably wide 
and progressive knowledge of these subjects, and he displayed very 
notable ability to enlist the interest and enlarge the understanding of 
his students. He was especially interested and active in the develop- 
ment of the subject of wood technology.”’ 

Mr. Van Gaasbeek held a vocational teacher's certificate, granted 
by the University of the State of New York. After joining the 
teaching staff at Pratt Institute he took courses in the strength of 
materials as well as courses in English and German there, and a course 
in tests and measurements in the summer school at the State Normal 
School at Oswego, N.Y., where he was instructor in carpentry for 
several years. He was the author of several textbooks, including 
“A Practical Course in Wooden Boat and Ship Building,” ‘‘A Practi- 
cal Course in Roof Framing,”’ and ‘‘A Course of Study of the House 
Carpenters Trade,’’ and also contributed articles to trade magazines. 
He had served as expert examiner for carpenters or the Municipal 
Civil Service Commission, New York, N.Y. 

Mr. Van Gaasbeek became an associate-member of the A.S.M.E. 
in 1930, and also belonged to the Society for the Promotion of Engi- 
neering Education and the New York Lumber Trade Association. 
He is survived by his widow, Emma M. (Adams) Van Gaasbeek, 
whom he married in 1902, and by a married daughter, Emma Ruth 
Goetcheus, and a granddaughter, Alma Lee Goetcheus. 
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WILLIAM FRANCIS WALSH (1882-1935) 


William Francis Walsh, who died on March 19, 1935, in New York, 
N.Y., was born on October 19, 1882, in Cleveland, Ohio. His parents 
were James Francis and Mary Monica (Deiger) Walsh. He attended 
St. Patrick’s Parochial and the West High schools, and St. Ignatius 
College, all located in Cleveland, and from 1900 to 1902 served a 
special apprenticeship and worked as assistant engineer of tests for 
the Norfolk & Western Ry., Roanoke, Va. 

With the exception of a short time with American Steel Foundries 
in St. Louis and Chicago in 1906 in charge of the erection of exhibits 
and shop inspection, Mr. Walsh was located in Virginia until 1912. 
He was with the American Brake Shoe & Foundry Co. in 1903-1905; 
the Richmond, Fredericksburg & Potomac Ry. in 1907; and during 
the next four years with the Virginia Air Line Railway and its suc- 
cessor, the Chesapeake & Ohio Railway. He became general air- 
brake inspector and acting superintendent of motive power for this 
road in 1909 and his duties included general locomotive and car de- 
sign. 
In 1912 Mr. Walsh went to Chicago to enter the employ of the 
Galena-Signal Oil Company as mechanical expert in charge of the 
lubrication of locomotives and cars on the Chicago & Northwestern 
and Chicago, Milwaukee & St. Paul railways. He continued in this 
work until June, 1917, when he was commissioned a captain in the 
Corps of Engineers. He was ordered into active service in the fall of 
that year and was stationed at Camp Grant and Fort Leavenworth 
until January, 1918. He continued as a reserve officer until May, 
1933. 

After leaving active service, Mr. Walsh was in charge of shops and 
rolling equipment on the Chicago, Milwaukee & St. Paul Railway 
until July, 1919, when he became supervising service engineer of the 
Galena-Signal Oil Company in charge of lubricating engineers on all 
roads west of Chicago. In April, 1926, he was appointed district 
manager for the company at St. Louis, but resigned a few months 
later to enter the service of the Standard Oil Company of New Jersey, 
with headquarters at New York. He organized the Railroad Lubri- 
cation Department and served as manager of railway sales until his 
death. In 1932 the company presented him with an emblem for his 
twenty years of service in the field of railway lubrication. His thor- 
ough understanding of the problems of railway lubrication, combined 
with a pleasing personality, natural ability in the sales field, and ex- 
' tensive acquaintanceship in railroad circles, made him of great value 
to the company. 

Mr. Walsh became an associate of the A.S.M.E. in 1915 and a mem- 
ber in 1923. He belonged to the International Railway Fuel Asso- 
ciation, Traveling Engineers’ Association, Brotherhood of Locomo- 
tive Engineers, New York Railroad Club, Racquet Club, Washing- 
ton, D.C., and Downtown Athletic Club, New York. 

As a hobby he raised blooded Percheron horses at his 600-acre es- 
tate in the Piedmont Hunt section of Loudoun County, Virginia. 

Mr. Walsh married Kathryn Griffin in 1905 and is survived by her 
and by five children, Mrs. Harold Franklin Hall, and Mary M., 
William F., Jr., Dorothy D., and James A. Walsh. 


FRANK OREN WELLS (1855-1935) 


Frank Oren Wells, a leader in the development of the tap and die 
industry in Greenfield, Mass., died at his home there on June 23, 1935. 
He was vice-president of the Wells Tap & Die Co., which he organized 
in 1924, and owner of the Wells Manufacturing Company, which was 
formed in 1928, absorbing the Wells Tap & Die Co. He was also a 
director of the Storms Drop Forging Company, of Springfield, Mass., 
and president of the Granite State Mowing Machine Company, 
of Hinsdale, N.H. 

Mr. Wells was born at Shelburne Falls, Mass., on January 6, 1855, 
the son of Elisha and Lucina (Lilly) Wells. After attending the 
Shelburne Falls local schools and Petersham Academy, he served a 
three-year apprenticeship with the Wiley & Russell Mfg. Co., Green- 
field, for which his father was one of the first salesmen. At the age 
of 21 he joined his father and older brother, Frederick, in forming the 
Wells Brothers Company, which they developed gradually, working 
on a very limited capital, to a substantial business. Among their 
products was an improved form of die which soon developed into the 
present form of the ‘“‘Little Giant’’ die, an innovation in the screw 
cutting tool industry which carried the name of the company through- 
out the world. In 1912 the company was merged with the Wiley & 
Russell Mfg. Co. to form the Greenfield Tap & Die Corp., one of the 
largest manufacturers of taps and dies in the world. He served this 
company for a number of years as president, resigning in 1919. 

Mr. Wells was also president of the Weldon Hotel Company; 
The Weldon Hotel, in Greenfield, built under his direction in 1905, 
is widely known. He was greatly interested in agriculture and was 
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president and a prime mover in the affairs of the Franklin County 
Agricultural Society for years. He was president of the Green River 
Cemetery Association and was largely responsible for great improve- 
ment in the appearance of the cemetery and its surroundings. He 
was a former director of the Franklin County Hospital Association, 
of Greenfield. He was a member of the Greenfield Club and the 
Hardware Club, New York, and a former member of the New York 
Engineers’ Club, and several other clubs in Greenfield and Springfield, 
Mass. He belonged to the Second Congregational Church in Green- 
field. 

Mr. Wells became a member of the A.S.M.E. in 1903 and served 
the Society as a manager for the term 1918-1921. 

When in June, 1912, the Society decided to supplement its “‘Stand- 
ard Proportions for Machine Screws’’ which had been completed and 
published five years before (May, 1907), Mr. Wells was named as a 
member of the committee of nine on “Limits and Tolerances in 
Screw Thread Fits.’’ The records indicate that it was the question- 
naires and discussions, as well as the exigencies of the Great War, 
which led gradually to the suggestion that possibly the only way to 
bring about the unification of screw-thread practice in the United 
States would be by the appointment of a federal commission for this 
purpose. 

A bill to create such a commission was offered to Congress by 
Congressman J. Q. Tilson, of Connecticut, in January, 1917. This 
first draft called for the representation of the Society by one member 
of the commission and Mr. Wells's name was included in a list of mem- 
bers considered for appointment should the bill be passed. Nu- 
merous hearings on this and subsequent drafts of the bill were held 
at which Mr. Wells was a frequent visitor. Finally, on July 18, 
1918, a revised bill was passed by Congress. 

The personne! of the National Screw Thread Commission was named 
by the Secretary of Commerce in July, 1918, and Messrs. James 
Hartness and F. O. Wells were given membership on the nomina- 
tion of the A.S.M.E. Mr. Wells served as a member of the Com- 
mission until it was discharged in June, 1933. 

The American Machinist once wrote of him. “In Washington 
he is known as Wells, the gage man; in The American Society of 
Mechanical Engineers as Wells, the screw thread man; in the New 
England Hotel Men’s Association, as Wells, the hotel man; and among 
agriculturists as Wells, the farmer.” 

Mr. Well; was twice married. His first wife, Alice L. Graves, of 
Whately, Mass., whom he married in 1880, died in 1891, leaving a 
daughter, Dorothy Virginia, now Mrs. J. Tennyson Seller, of Green- 
field. He is survived by her and by three grandchildren, and by his 
widow, Caroline (Dutton) Wells, whom he married in 1893. 


WARREN MacCLELLAND WELLS (1884-1935) 


Warren MacClelland Wells, insurance engineer for Cornwall & 
Stevens, with headquarters at Jackson, Miss., died on December 17, 
1935, at Raleigh, N.C., while there on a business trip. 

Mr. Wells had been associated with Cornwall & Stevens since 
December, 1926. His work consisted of making examinations, prin- 
cipally of cottonseed-oil mills and cotton gins, for the purpose of see- 
ing that the plants were kept clean and that they were provided with 
sufficient fire-fighting appliances to insure adequate protection. His 
territory covered the states of Mississippi, Louisiana, Alabama, and 
Georgia. His work was highly regarded by the clients of the com- 
pany. 

The son of John and Cinda G. (MacClelland) Wells, he was born 
on April 30, 1884, at Norwood, N.Y., and secured his early education 
there. He was graduated from Syracuse University with a degree in 
mechanical engineering in 1907, and immediately took up the work of 
fire-prevention inspector. From 1907 to 1911 he was connected with 
the Middle States Inspection Bureau, New York, carrying on the in- 
spection of manufacturing plants for some thirty-five insurance com- 
panies. During the next five years he was fire-prevention engineer 
and manager of the inspection department of J. S. Frelinghuysen & 
Co., New York, and for two years, beginning in June, 1916, handled 
fire-prevention work in dye, chemical, and ammunition plants as 
representative of Crum & Forster, New York. 

In June, 1918, Mr. Wells was put in charge of fire protection and 
preventionat the U.S. Nitrate Plant No. 2 at Muscle Shoals, Ala., 
for the Air Nitrates Company. He remained there for nearly a year, 
the latter part of the time in charge also of safety engineering. 

After leaving Muscle Shoals, Mr. Wells returned to general fire-pre- 
vention work, for the Pacific Fire Insurance Company, New York. 
He left in September, 1920, to become chief fire-prevention engineer 
for the General Motors Corporation, at Detroit, and for about two 
and a half years had charge of fire prevention and protection in all its 
plants. From the fall of 1925 until his connection in December, 
1926, with Cornwall & Stevens, he was employed, first, by the Pull- 
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man Car & Manufacturing Co. in fire-prevention and safety work in 
its plants and the supervision of a million-dollar sprinkler and water 
mains installation at the plant at Chicago; and subsequently by the 
Mississippi State Rating Bureau, at Jackson, grading insurance rates 
for public water works and organizing and training a fire department. 

Mr. Wells was a recognized expert in fire prevention and protection. 
He had a rating of 96 under the U.S. Civil Service at Muscle Shoals 
and was cited ‘‘for excellence’ in his work there by the Air Nitrates 
Company and the Quartermasters Department of the U.S. Army. 
He had been an associate-member of the A.S.M.E. since 1921. 

Mr. Wells was twice married and is survived by a son, Arthur M. 
Wells, by his first marriage, and by his widow, Ruby (Carroll) Wells, 
whom he married in 1919, and their two children, Rebel Carroll and 
Warren M. Wells, Jr. 


WILLIAM WALLACE WHITE (1907-1934) 


William Wallace White was killed in an airplane crash at Syracuse, 
N.Y., on April 2, 1934. He was the son of Henry Gowman and Paul- 
ine (Hammer) White of Seattle, Wash., where he was born on Sep- 
tember 4, 1907. 

Mr. White attended the University of Washington, receiving a 
B.S. degree in mechanical engineering in 1929. He was a member of 
the A.S.M.E. Student Branch at the University and coauthor, with 
Frank V. Bistrom, of a paper on ‘An Investigation of a Rotary 
Pump,” which won the Student Award for 1929. This paper was 
published in Transactions, 1929, HYD-51-12. He was elected to 
membership in Sigma Xi, Tau Beta Pi, and Scabbard and Blade 
while attending the University. 

During a number of summer vacations Mr. White assisted his 
father on building construction contracts, and he spent the summer 
of 1928 with a surveying party on the Diablo Dam for the City of 
Seattle. Since his graduation he had been with the General Electric 
Company for about three years, at Schenectady, N.Y., and then at 
Fort Wayne, Ind., where he worked in the Refrigerator Department 
until shortly before his death. 

Mr. White became a junior member of the A.S.M.E. following his 
graduation from college in 1929. He enjoyed water sports, outdoor 
life, and music, and was a member of the Canoe Club and Mendelssohn 
Club in Schenectady. He was a first lieutenant in the Ordnance Re- 
serve Corps., U.S.A. 


FREDERICK OTTO WILLHOFFT (1876-1935) 


Frederick Otto Willhofft, a former professor of mechanical engi- 
neering at Columbia University and at Queens University, Kingston, 
Ontario, Canada, died of pneumonia at the Lenox Hill Hospital in 
New York, N.Y., on February 6, 1935. 

A native of Germany, Mr. Willhofft was born at Leipzig on March 
14, 1876, son of Rudolph H. and Pauline Willhofft. He attended the 
Royal Gymnasium at Leipzig, securing the equivalent of a B.A. de- 
gree, and the Military College at Engers. After serving as an officer 
in the German army for several years, he came to the United States 
in 1898, and was first employed by a German architect in New York. 
Early in January, 1899, he entered the drafting room of E. W. Bliss 
Co., Brooklyn, where he worked until the fall of 1900. During the 
next four years he attended Columbia University, winning the Dar- 
ling Medal and securing both A.M. and M.E. degrees. 

The summer following his graduation was spent in the drafting 
room of the Gas Engine Department of the De La Vergne Machine 
Company, New York. Then he began a period of teaching which 
continued until 1917. The first two years were spent at the Clarkson 
Memorial School of Technology at Potsdam, N.Y., where he had full 
charge of the department of mechanical engineering, including the 
mechanical and testing laboratories. He began his work at Queen’s 
University in 1906, organizing the mechanical engineering course, 
laboratories, and shops. During eight years spent in Kingston he 
also served as consulting engineer for the Canadian Locomotive Com- 
pany and many other firms. 

He returned to Columbia as assistant professor of mechanical engi- 
neering in 1914 and continued on the faculty for three years, also 
carrying on consulting work. 

In addition to his consulting practice since 1917, Mr. Willhofft 
served from 1919 to 1923 as mechanical engineer for the Metal & 
Thermit Corp., New York, and secretary and treasurer of the Th. 
Goldschmidt Corp., 1923-1925, and had also been president and di- 
rector of the S.A.M. Pump Corp., and secretary and general manager 
of the Isothermos Corporation of America. He became a natural- 
ized citizen of the United States in 1927. 

Mr. Willhofft was an associate of the A.S.M.E. from 1905 to 1919 
and became a member in 1925. He also belonged to the Verein 
deutscher Ingenieure and was a former member of the American In- 
stitute of Electrical Engineers and of the American Society of Radio 


Engineers. He belonged to the Columbia University Club in New 
York. Heis survived by his widow, Elsie (Miller) Willhofft, whom he 
married in 1930, and by a brother and two sisters in Germany. 


ANTON P. WRIGHT, JR. (1901-1935) 


Anton P. Wright, Jr., eldest son of Anton Pope and Hannah Mce- 
Cord (Smythe) Wright, died at the home of his parents in Savannah, 
Ga., on March 28, 1935, after an illness of five months of streptococ- 
cic septicemia. A descendant of prominent families of Georgia and 
South Carolina, he was born in Charleston, S.C., on October 1, 1901. 
His boyhood was spent in Savannah and he was graduated from the 
high school there in 1918. After attending the Georgia School of 
Technology for a year he entered Cornell University, from which he 
received an M.E. degree in 1923, and an E.E. degree four years 
later. 

After his graduation in 1923, Mr. Wright became an apprentice 
engineer with the Dixie Construction Company, at Birmingham, 
Ala., a subsidiary of the Alabama Power Company. Subsequently 
he was transferred to Huntsville, Ala. With the exception of the 
year 1926-1927, when he had leave of absence for his studies at Cor- 
nell, he was in the employ of the Alabama Power Company until his 
death, at which time he held the position of assistant manager of the 
Montgomery District, with headquarters in Montgomery. 

Mr. Wright became a junior member of the A.S.M.E. in 1924. He 
was past-president of the Junior Chamber of Commerce of Mont- 
gomery, a member of the Society of Colonial Wars, Phi Delta Theta 
fraternity, and the Country Club of Montgomery, and a communi- 
cant of the Episcopal Church of the Ascension of Montgomery. He 
was very fond of music and was interested in aviation. Two brothers 
who survive him are Augustin T. S. Wright and David Wright. 


LAWRENCE ZAMBONI (1865-1933) 


Lawrence Zamboni, who had retired from business and had been 
living in California for a number of years because of poor health, died 
in Pasadena on January 21, 1933. He had been a member of the 
A.S.M.E. since 1918 and also belonged to the Engineers Society of 
Pasadena and to the Masonic fraternity. He is survived by his 
widow, Rose (Drury) Zamboni, whom he married in 1892, and by 
two daughters, Marguerite (Mrs. Ernest S.) Brewster and Hilda 
Zamboni. 

Mr. Zamboni was born at Modena, Italy, on January 9, 1865, son 
of Cataldo and Angelica (Bini) Zamboni. He attended the govern- 
ment technical school at Turin, Italy, completing his work there in 
1889. From 1886 to 1889 he also worked on the design and construc- 
tion of special machinery for the manufacture of military rifles at the 
government arsenal in Turin. 

Following his graduation Mr. Zamboni went to London, England, 
where he was engaged for two years in the design and construction of 
quick-firing guns for the Maxim & Nordenfelt Gun & Ammunition 
Co. He then came to the United States, finding employment from 
1893 to 1895 with the Standard Caster & Wheel Co., New York, 
N.Y.; his duties as superintendent of manufacturing included the 
design of dies and apparatus for the manufacture of sheet-metal ar- 
ticles. From 1896 to 1899 he was in charge of construction of special 
bicycles as superintendent of the Gomully & Jeffery Manufacturing 
Co., Brooklyn, N.Y. He became a naturalized citizen of the United 
States in 1899. During the next two years he was connected 
with the McCabe Hanger Manufacturing Co., New York, again 
working on the design and construction of tools and dies for the manu- 
facture of sheet-metal articles. 

Mr. Zamboni went to London in 1902 and until 1904 was in charge 
of the development department and superintendent of manufacture 
of the Scott-Snell Lamp Company. After returning to the United 
States he designed tools, dies, and apparatus for the manufacture of 
pressed-metal pulleys, wheels, and other sheet-metal articles for the 
American Pulley Company, Philadelphia, Pa. 

From 1906 to 1912 Mr. Zamboni was factory manager and engineer 
of construction for the Bennett-Zamboni Manufacturing Co., New 
York, manufacturers of metal-working machinery, tools, jigs, and 
dies. He left to take charge of the laboratory established by the 
American Alloys Company, Newark, N.J., for the development of 
acid-resisting alloys. He also served as superintendent of manufac- 
ture for the company. 

After 1917, until his health became poor, he maintained an office in 
New York as consulting mechanical engineer, devoting himself chiefly 
to the development of nonferrous acid-resisting alloys. During the 
World War he was called upon to serve as a supervising engineer in 
the Inspection Division of the Ordnance Department, U.S.A. 

Mr. Zamboni had patented several inventions, including a pressed 
steel metal wheel, a coin carrier, and a skate roller. 


r 
* 
4 
4 
| 


>. 
~ 
= 
4 
i 
{ 


‘ 
# 
4 
| 
| 
> 
H 
“ahd 
% 
— 


IN TWO SECTIONS—SECTION TWO 


TRANSACTIONS 


of The American Society of Mechanical Engineers 


SOCIETY RECORDS—Part III 


(Including Indexes to Publications) 


[Part I of Society Records for the year 1936 (containing Council and Committee Personnel and other general information) was issued as Section Two of the Transactions for 
February, 1936, and Part II (Memorial Notices), August, 1936.] 


Publications Developed by the Technical RI-96 
Index to A.S.M.E. Transactions, 1936 (including Society Records Supplements)......... RI-107 


JANUARY, 1937 


VOL. 59, NO. 1 


Published by The American Society of Mechanical Engineers 


{ 
| 
{ 
} 
5 
| 2 
i 
i 


TRANSACTIONS 


of The American Society of Mechanical Engineers 


Publication Office, 20th and Northampton Streets, Easton, Pa. 
Editorial Department at the Headquarters of the Society, 29 West Thirty-Ninth Street, New York, N. Y. 


Published on the tenth of every month, except March, June, September, and December 


Includes Aeronautical Engineering 


VICE-PRESIDENTS 


Terms expire December, 1937 
Arex D. 
oun A. HunTER 
. L. Sackett 
Wituiam A. SHoupy 


Terms expire December, 1937 
Bennett M. BricmaNn 
W. Haney 
Axrrep Ipp.es 


TREASURER 


W. D, Ennis 


Members of Council, 1937 


PRESIDENT 
James H. 
PAST-PRESIDENTS VICE-PRESIDENTS 
Terms expire December Terms expire December, 1938 
Conran N. Lavuzr 1937 Harry Wastcorr 
A. A. Porrsr 1938 ames M. Topp 
Paut Dory 1939 . J. S. Picorr 


E. Franpers 1940 


Wituiam L. Batr 1941 
MANAGERS 
Terms expire December, 1938 Terms expore December, 1939 
W. Duper E. W. Bursanx 


Watter C. LinpgMaNN 


James W. Parker 


Chairmen of Standing Committees of Council 
ADMISSIONS, R. H. McLaiw 


HONORS AND AWARDS, R. C. H. Hace 
CONSTITUTION AND BY-LAWS, H. H. Swetuine 
EDUCATION AND TRAINING FOR THE INDUSTRIES, 


C. J. Frsunp 


FINANCE, Wituiam T. Conton, Vice-Chairman 


LIBRARY, L. K. Sirucox 


LOCAL SECTIONS, W. R. Woorricz 
MEETINGS AND PROGRAM, Harvey N. Davis 


W. F. Ryan, Chairman 


C. B. 
. BATEMAN CoLeMAN SELLERS, 3D 
Eprror: A. Stetson 


Committee on Publications 


W. L. Duprey, Sgatrie, Wasz. L. S. Marxs, Camaripcs, Mass. 
J. M. Topp, New Orzzans, La. L. N. Row er, Jr. (Junior Memasr) 
A. N. Gopparp, Darroti, Micn. _L. F. Zsurra (Junior Memser) 


Kennezts H. Conpir 
S. W. Duper 


SECRETARY 
C. E. Davis 


POWER TEST CODES, R. H. Fernatp 
PROFESSIONAL CONDUCT, E. R. Fiss 
PROFESSIONAL DIVISIONS, Crossy Fizitp 
PUBLICATIONS, W. F. Rran 

RELATIONS WITH COLLEGES, Roy V. Waicut 
RESEARCH, N. E. 

SAFETY, Harry H. Jupson 

STANDARDIZATION, Watrsr Samans 


Advisory Members 


By-Law: The Society shall not be responsible for statements or opinions advanced in papers or...printed in its publications (B2, Par. 3). 


Copyrighted, 1937, by Tas American Soctety or Macnanicat ENGINEERS 


Entered as second-class matter March 2, 1928, at the Post Office at Easton, Pa., under the act of August 24, 1912. Price $1.50 a copy, $12.00 a 


year; to members and affiliates, $1.00 a copy, $7.5C a year. Changes of address must be received two weeks before they are to be effective on 
our mailing list. Please send old, as well as new, address. 


‘ 
: 
> 
G. F 
» 
¥ 


Depositories for A.S.M.E. Transactions in the United States 


OUND copies of the complete Transactions of The Ameri- 

can Society of Mechanical Engineers will be found in the 

libraries in the United States and other countries which are 
listed on the following pages. 


Alabama 
Engineering Library, Alabama Poly. Inst. 
Birmingham...... Public Library 
University....... Library, University of Alabama 
Arkansas 
Fayetteville...... Engineering Library, Arkansas University 
California 
Berkeley......... Library, University of California 
Long Beach...... Public Library 
Los Angeles...... Public Library 
University of Southern California 
Oakland City Library 
Teachers’ Professional Library 
Pagadeos.:...... Library, California Institute of Technology 
Santa Clara...... Library, University of Santa Clara 
San Diego....... Public Library 


San Francisco... . Public Library (Civic Center) 
Engineers Club of San Francisco 
Mechanics Institute 

Stanford Univ... .Library, Stanford University 


Colorado 
Boulder.......... Library, University of Colorado 
Public Library 
Fort Collins...... Colorado State Agricultural College 
Connecticut 
Bridgeport....... Public Library 
Hartford......... Public Library 
New Haven...... Public Library and Yale University 
Waterbury....... Silas Bronson Library 
Delaware 
University of Delaware 
Wilmington...... Wilmington Free Institute 
District of Columbia 


Washington...... Scientific Library, U. 8S. Patent Office 
Library of Congress 
Bureau of Standards Library 
George Washington and CatholicJUniversi- 


ties 
Florid 
Gainesville....... University of Florida 
Jacksonville...... Free Public Library 
Public Library 
Georgia 
Carnegie Public Library 
Georgia School of Technology 
Savannah........ Public Library 
Idaho 
Moscow......... University of Idaho 
Uinois 
Chicago.......... John Crerar Library 
Western Society of Engineers 
Lewis Institute of Technology 
Library, Armour Institute of Technology 
Public Library of Chicago 
Evanston........ Northwestern University 
Public Library 
er University of Illinois 
Indiana 
Evansville....... Public Library 
Fort Wayne...... Public Library 
Indianapolis...... Public Library and Indiana State Library 
Notre Dame..... Library, University of Notre Dame 


Terre Haute...... Rose Polytechnic Institute 
West Lafayette... Library, Purdue University 


Towa 
Iowa State College 
Des Moines..... . Public Library 
Iowa City........ State University of Iowa 
Kansas 
Kansas City...... Public Library, Huron Park 
Lawrence........ Library, University of Kansas 
Manhattan....... Kansas State Agricultural College 
Wichita City Library 
Kentucky 
Lexington........ University of Kentucky 
Louisville........ Speed Scientific School 
University of Louisville 
Louisiana 
Baton Rouge..... Louisana State University 
New Orleans..... Howard Memorial Library 
Louisiana Engineering Society 
Public Library 
Tulane University 
Maine 
ORG University of Maine 
Maryland 
Annapolis........ United States Naval Academy 
Baltimore........ Johns Hopkins University 
Engineers Club of Baltimore 
Public Library 
Massachusetts 
Engineering Societies of New England 
Northeastern University 
Boston Public Library 
Cambridge....... Harvard University (Engineering Library) 
Massachusetts Institute of Technology 
Fall River....... Public Library 
ere Free Public Library 
New Bedford.....Free Public Library 
Springfield....... Springfield City Library 
Tufts College..... Tufts College 
Worcester........ Worcester Polytechnic Institute 
Free Public Library 
Michigan 
Ann Arbor....... University of Michigan 
Cass Technical High School 
Highland Park Public Library 
University of Detroit 
East Lansing..... Michigan State College 
Public Library 
Grand Rapids.... Public Library 
Houghton........ Michigan College of Mining & Technology S 
Jackson.......... Publie Library 
Minnesota = 
Public Library 
Minneapolis. ..... University of Minnesota 
Minneapolis Public Library (Engineering 
and Circulating Libraries) 
| James Jerome Hill Reference Library 
Mississippi 
State College. .... Mississippi State College 
Missouri 
Columbia........ University of Missouri 
Kansas City..... Public Library 
Missouri School of Mines and Metallurgy 
St. Louis. . Engineers Club of St. Louis 
Public Library 
Washington University 
Mercantile Library 
Montana 
Bozeman........ Montana State College 
Nebraska 
Lincoln.......... University of Nebraska és 
Omaha.......... Public Library 
Nevada 4 
Reno..... daceces University of Nevada Library 


RI-91 


RI-92 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


New Hampshire Pennsylvania 
Durham......... University of New Hampshire Allentown........ Free Library 
Bethlehem....... Lehigh University 
New Jersey Easton.......... Public Library 
Bayonne......... Free Public Library Lafayette College 
Free Public Library Public Library 
Elizabeth........ Free Public Library Lewisburg....... Bucknell University 
° Hoboken..... .... Stevens Institute of Technology Philadelphia...... Engineers Club 
exe Jersey City...... Free Public Library Drexel Institute 
Newark College of Engineering The Free Library 
Aree Free Public Library University of Pennsylvania 
New Brunswick. . Rutgers University Franklin Institute 
ee Paterson. ......5% Free Public Library Pittsburgh....... University of Pittsburgh 
Princeton........ Princeton University Engineers’ Society of Western Pennsylvania 
TOMER... .4..<4s Free Public Library Carnegie Institute of Technology 


Carnegie Library (Schenley Park) 


New Merico Carnegie Free Library of Allegheny 


Albuquerque..... University of New Mexico ee) re Public Library 
Scranton......... Public Library 
New York State College..... Pennsylvania State College 
New York State Library Swarthmore...... Swarthmore College 
Brooklyn........ Polytechnic Institute Villanova........ Villanova College 
Pratt Institute Wilkes-Barre. .... Public Library 
Brooklyn Public Library 
The Grosvenor Library Rhode Toland 
: Engineering Society of Buffalo Kingston........ Rhode Isiand State College 
Rai Buffalo Public Library Providence....... Brown University 
Cornell University Providence Engineering Society 
Neg Jamaica, L. I.....Queens Borough Public Library Public Library 
ft New VYork.....: Engineering Societies Library South Carolina 
College of the City of New York Clemson College. . Library, Clemson College 
58 Cooper Union South Dakota 
Columbia University Brookings........ South Dakota State College 
New York Museum of Science and Industry T. 
New York University Library er ae 
Potsdam.........Clarkson College of Technology Kingsport....... . Public Library 
~se Rochester........ Rochester Engineering Society Knoxville seeeeeee University of Tennessee 
Schenectady Union College Memphis Goodwin Institute 
@ Syracuse......... Syracuse University Nashville........ Vanderbilt University 
gee Public Library Texas 
Rensselaer Polytechnic Institute University of Texas 
Utica............ Public Library College Station... Agricultural & Mechanical College of Texas 
Yonkers......... Public Library RR Public Library 
North Carolina Southern Methodist University 
= Chapel Hill...... University of North Carolina Fort Worth...... Carnegie Public Library 
vos Durham......... Duke University Houston......... Rice Institute 
See re North Carolina State College Public Library 
ae Texas Technological College 
North Dakota _ San Antonio...... Carnegie Library 
ee North Dakota State Agricultural College Utah 
Grand Forks.... . University of North Dakota Salt Lake City... University of Utah 
Ohio Public Library 
Ohio Northern University Vermont 
Public Library Virginia 
te Cincinnati....... University of Cincinnati Blacksburg....... Virginia Polytechnic Institute 
Public Library Charlottesville... University of Virginia 
oe Engineers Club of Cincinnati Norfolk.......... Public Library 
in Cleveland........ Public Library Richmond....... Virginia State Library 
Case School of Applied Science 
: Cleveland Engineering Society Washington : 
" Columbus........ State of Ohio Library Pullman......... State College of Washington 
Public Library Public Library 
Ohio State University Engineers Club 
Engineers Club of Dayton University of Washington 
Public Library Spokane......... Public Library 
University of Toledo Public Library 
fe Youngstown...... Public Library West Virginia 
Oklahoma Morgantown..... West Virginia University 
i Norman......... Oklahoma University Wisconsin 
= Oklahoma City. . . Public Library Madison......... Library, University of Wisconsin 
Stillwater........ Oklahoma A. & M. College Milwaukee....... Public Library 
TUM... Public Library Vocational School Library 
Oregon Marquette University 
Corvallis......... Oregon State Agricultural College Wyoming 


Portland...... ...Portland Library Association Laramie......... Wyoming University 


3 
3. 
) 


Depositories for A.S.M.E. Transactions Outside the 


Argentine 


Buenos Aires... . 


Australia 


Belgium 


Louvain........ 


Brazil 


Rio de Janeiro... 


Sao Paulo...... 


Santiago........ 


China 


Cuba 


Danzig Free City....... 


Denmark 


Copenhagen.... 


England 


Birmingham... . 


Breslau........ 
Cologne (Kéln).. . 


United States 


Germany (Continued) 


Institution of Electrical Engineers P 

The Junior Institution of Engineers 

The Royal Aeronautical Society 

Manchester Public Libraries (Reference 
Library) 


Mexico City...... 


University of Oxford Norway 
The North East Coast Institution of Engi- Poland 
neers and Shipbuilders a 
Sheffield Public Libraries Warsaw......... 
Puerto Rico 
Cardiff Public Library Mayaguez....... 
tL Portugal 
University of Lyons 
Ecole Nationale des Arts et Metiers Lisbon........... 
cole Nationale Supérieure de L’Aeronau- Reumania 
tique 
Ecole Centrale des Arts et Manufactures de Bucharest........ 
Paris 
Société des Ingénieurs Civils de France Scotland 
Glasgow......... 
Verein deutscher Ingenieure : 
Bibliothek der Technischen Hochschule South Africa 
Bibliothek der Technischen Hochschule Cape Town...... 
Universitiits- und Stadtbibliothek Johannesburg. . . 


RI-93 


Biblioteca de la Sociedad Cientifica Dresden......... Bibliothek der Technischen Hochschule 
Diisseldorf....... Biicherei des Vereines deutscher Eisen- 
hiittenleute 
Public Library of Adelaide Frankfort........ Technische Zentralbibliothek 
Public Library of Victoria Hamburg........ Bibliothek der Technischen Staatslehran- ae 
University of Western Australia Library stalten ay 
Public Library, N. S. W., Sydney Hanover......... Bibliothek der Technischen Hochschule Z- 
Karlsruhe........ Bibliothek der Technischen Hochschule : 
ee Munich.......... Bibliothek der Technischen Hochschule 
Bibliothek des Deutschen Museums 
Bibliotheca da Escola Polytechnica Stuttgart........ Bibliothek der Technischen Hochschule 
Bibliotheca Nacional 
Hawaii 4 
Bibliotheca da Escola Polytechnica ge 
Honolulu........ University of Hawaii Library 
McGill University Holland 
Engineering Institute of Canada Amsterdam...... Koninklijke Akademie von Wetenschappen 
University of Toronto, Library Serer eer Bibliotheek der Technische Hoogeschool 
The Hague....... Koninklijk Instituut van Ingenieurs 
Rotterdam....... Nationaal Technisch Scheepvaartkundig 
. Universidad de Chile, Facultad de Ciencias Institut see 
Fisicas y Matematicas (Engrg. School) . : 
India 
ee Poona College of Engineering 
Cuban Society of Engineers Rangoon......... University of Rangoon 
Ireland 
Masarykova Akademie Prace Queen’s University of Belfast 
Society of Czechoslovak Engineers Italy - 
.Bibliothek der Technischen Hochschule Biblioteca della R. Scuola d’Ingegneria 
Comitato Autonomo per l|’Esame della 
Invenzioni 
The Royal Technical College by OS Eee Biblioteca della R. Scuola d’Ingegneria 
Biblioteca della R. Scuola d’Ingegneria 
University of Cambeides Biblioteca della R. Scuola d’Ingegneria 
University of Leeds Japan 
Public Library of Liverpool Kobe Technical College 
Liverpool Engineering Society Imperial University Library 
City & Guild Engineering College The Society of Mechanical Engineers 5. 
Institution of Automobile Engineers Yokohama....... Library of Yokohama 
Institution of Mechanical Engineers 
Institution of Civil Engineers Mexico 


Asociacion de Ingenieros y Arquitectos de 
Mexico 

Library of the Escuela de Ingenieros 
Mecanicos y Electricistas 


Den Polytekniske Forening ie, 
Bibljoteka Publicazna 
University of Puerto Rico 


Institute Superior Technico 
Scoala Polytechnica din Bucharest 


Royal Technical College ar 
Mitchell Library 


University of Cape Town 


.South African Institute of Engineers 


Adelaide........ 
Melbourne...... 
Canada 
Montreal....... 
Toronto....... 
Chile 
Havana......... 
Czechoslovakia 
Prague........ 
Cambridge. ... 
Liverpool...... 
London........ 
Newcastle-upon- 
Wales 
France 
Germany 


i RI-94 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
Sweden Turkey 
Gtockholm....... Kungl. Tekniska Hogekolan Istanbul......... Robert College 


Svenska Teknologféreninger U.S.S.R. 


Gothenburg...... Chalmers Tekniska Institut 
Supreme Economic Council of Ukraine 
ae Switzerland Leningrad........ Leningrad Polytechnic Institute 


eee Bibliothek der Eidg. Technischen Hoch- ST Supreme Council of National Economy 
eth schule ee Tomsk Polytechnic Institute 


2 
4 
= 
j 
~ 
4 
e 
As 
¢ 
| 
| 
A 


o 
o 
o 
> 
o 
= 


= 
~ 


inning 


Index photographed at the 


beg 


: 
an 


